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Abstract.
A brief description o f Supramolecular Chemistry, followed by a literature review on the 
chemistry o f calix[n]arene derivatives (n = 4-6) concerning the work callied out in this 
thesis are included in the Introduction Section.
A fully detailed investigation on structural and thermodynamic aspects o f calix[n]arene 
amide derivatives (n= 4-6) with metal cations (alkali, alkaline earth, transition and heavy 
metal cations) were carried out in different media at 298.15 K. The information were 
obtained using the appropriate techniques and
The successful syntheses o f 5,11,17,23-te/ra-(l,l-dimethylethyl)-25,26,27,28-te/ra-{N,N- 
diethylamide)-ethoxy-calix[4]arene (LI), 5,11,17,23,29 penta-tert-butyl 31,32,33,35-penta 
hydroxyl calix[5]arene (L2) and 5,11,17,23,29,35-/?-/erAbutyl-37,38,39,40,41,42- 
hexadiethylacetamide-calix[6]arene (L3) was confirmed by lU NMR and elemental 
analysis. The solution thermodynamics for LI and L3 were investigated and the degree o f 
solvation o f these macrocycles on different media relative to acetonitrile was derived from 
the AtG°(Si-S2) from one solvent relative to acetonitrile.
*H NMR studies for LI in different media at 298 K gave valuable information on the 
conformation that this ligand adopts in these solvents. The interaction o f LI with metal 
cations in deuterated solvents was analysed by NMR at 298 IC. Information on the 
binding sites was also obtained from these experiments.
Conductometric titrations in acetonitrile and methanol at 298.15 K were performed to 
establish the stoichiometry o f complex formation for LI and L3 with metal cations. This 
was followed by calorimetric and potentiometric titrations with metal cations at 298.15 K to 
determine the thermodynamic parameters o f complexation.
The medium effect on the complexation processes was assessed for LI and monovalent 
metal cations in one solvent relative to another at 298.15 K. This was investigated taking 
into account the thermodynamic parameters o f transfer o f the reactants and the product 
from acetonitrile relative to methanol.
A  comparative study involving the three ligands was discussed on the basis of the 
experimental data obtained for each of these macrocycles in their complexation with metal 
cations.
Conclusions and suggestions for further investigations are given.
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Introduction
1. Supramolecular Chemistry
‘Supramolecular Chemistry’ is a term introduced by Jean-Marie Lehn in 19781 after his 
experiences on the discovery o f cryptands, a work that resulted in a shared award of a 
Nobel Prize along with Pedersen (for the discovery of crown ethers2,3) and Cram (for the 
discovery o f spherands4). The concept of supramolecular chemistry can be understood as 
molecular assemblies motored by intermolecular forces (non-covalent bonds). ‘Host’, 
‘guest’ and ‘binding’ are terminologies often applied to describe the three main 
components of supramolecular chemistry: Macromolecules, target species and 
interactions, respectively. Macromolecules are large molecules with the ability to 
accommodate target species (guests) inside its structure, hence the denomination as hosts. 
The mechanism of action on how the macromolecules trap the target species is attributed 
to the interaction between the characteristics of both elements in a certain media. An easy 
way to imagine this concept is looking at a nearly finished jig-saw puzzle, where the 
frame containing the already-assembled pieces acts as the macrocycle and the missing 
piece acting as the target specie (guest) (see Fig. 1). The shape o f the hole left by the 
missing piece will condition the insertion of any figure unless it has the same shape as the 
contour of the hole left.
Fig. 1. Jig-saw puzzle representing the host-guest idea.
1
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The jig-saw example is a very broad explanation o f supramolecular chemistry and does 
not intend to mean that this concept has a limited scope on shape-fitting. On the contrary, 
there are many factors that contribute to this host-guest interaction, such as the nature of 
binding sites and the medium effect to name a few. Host-guest interactions will be 
described in detail later on.
Macromolecules can be both synthesized or found in Nature. Naturally occurring 
macromolecules are numerous and many o f them play an important role on metabolic 
functions, such as the chlorophyll5, naturally occurring ionophores such as valinomycine, 
polyether or carboxylic antibiotics6 (see Fig. 2).
Valinomycin acts as a catalyser for the exchange o f K+ and IT+ across mitochondrial 
membranes. This receptor interacts with the potassium ion through the carbonyl oxygens 
(coordination number =6). Valinomycin effectively encases around K+ but Rb+ and Cs+ 
cations are too large ions and the Na+ cation too small to be bound inside the inner cavity 
formed by the carbonyl groups7. The effective transport o f potassium ions across 
bacteria’s membranes makes valinomycin a useful antibiotic8,9.
Chlorophyll is a pigment found in plants and algae which is responsible for the main 
process in photosynthesis. Chlorophyll acts as an “antennae excitons” collecting and 
funneling light and as an electron carrier in the reaction centers, vectorially transferring 
electrons across the photosynthetic membrane10.
Fig. 2. Valinomycin and Chlorophyll a structures
2
In troduction
Macrocycles are cyclic/cyclic parts o f macromolecules11 containing either a hole (crown 
ethers2,3, calix[n]pyrroles12 and tetraza compounds) or a cavity (cryptands1, 
calix[n]arenes13'16, spherands4, cyclodextrins17 and resorcarenesError! Bookraark not defined.,22^  
(see Fig. 3) where the binding process takes place. Strategic design o f macrocycles can 
lead to selective binding towards a certain target species.
r °  AA  o
O \
L o  °->
v '°vJ
18-Crow n-6
C alix[n]arenes  
Fig. 3. Different families o f macrocycles
r u
C N 0  N
w A ,
V h t - ' V
u
[2 .2.1]Cryptand
Spherand
- O + i .
H
R esorcarenes Calixpyrroles
Some of the main features o f most commonly known macrocycles are described in the 
following section.
1.1. Macro cyclic Triunvirate
l.l.l.Crown ethers
Crown ethers (Fig.3 ) are cyclic arrays conformed by ether oxygens linked by ethylene 
groups. The synthesis o f a lineal diol by Pedersen yielded a sub-product which was 
isolated and known to be dibenzo-18-crown-6. This was produced by the secondary 
reaction o f catechol and bis-(dichloro)ethy 1-ether in basic media (NaOH). As a result of 
the discovery o f crown ethers and the later work carried out in this field, Pederson was 
awarded the Nobel Prize in 1987, along with Lelin and Cram as previously stated.
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Crown ethers are mostly known by their interaction with cations and neutral species. 
The hard donor atom (O) in the crown’s structure tends to interact mostly with hard 
cations such as alkali and alkaline-earth metals cations The sites o f interaction form a 
hole where ion-dipole interactions take place to compensate the van der Waals 
repulsive forces o f the adjacent oxygens. Danil de Namor and co-workers18,19 reported 
the interactions o f 18-crown-6 with amino acids and stated that in the crown ether, 
hydrogen bonding takes place between three hydrogens of the guest and three oxygen 
donor atoms o f the ligand as well as the existence of three N+—0  electrostatic 
interactions (between the NH3+ o f the amino acid and the oxygens o f the crown ether). 
An extensive number o f articles have been published on these macro cycles20,21.
1.1.2. Cryptands
Cryptands were discovered by J.M. Lehn shortly after the discovery o f crown ethers. 
Cryptands are similar to the crown ethers in a way that the former resembles the 
structure o f the crown ethers with an additional chain that connect to opposite atoms in 
order to give a three dimensional structure (see Fig. 3). The name derives from the 
Greek kryptos as it resembles a tomb or crypt when interacting with the guest. The 
cryptands contain hard and intermediate donor atoms (O and N respectively) which are 
able to interact with hard metal cations as well as soft metal cations (Hg2+, Ag+). The 
cryptand analog o f the 18-crown-6 is the cryptand 2,2,2 which also interacts with K+ 
forming stronger complexes than the crown ethers. This is due to the fact that the extra 
chain in the structure o f the cryptand helps in achieving a better coordination with the 
metal cation. Interaction with amino acids was also studied by Danil de Namor and co­
workers18,19. Computer calculations have shown that the cryptand 222 undergoes 
hydrogen bond formation with one of the hydrogens o f the amino acid and two 
electrostrostatic interactions, N+--0 , between the nitrogen and the oxygen donor atom 
of the cryptand. The steric effect o f the cryptand 222 does not allow the formation of 
three hydrogen bonds with the amino acids as seen for the 18-crown-6.
4
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1.1.3.Spherands
The spherands (Fig. 3) were discovered o f by Cram and co workers4. These macrocycles 
are like cryptands but contain chains on both sides of it, resulting in ligands of spherical 
shape. Spherands unlike crown ethers and cryptands, are not very flexible. This 
property increases the selectivity o f these ligands towards more specific targets.
1.2. Other Macrocycles
1.2.1.Resorcarenes
Resorc[4]arenes (Fig. 3) were first reported by Niederl and Vogel14. These are 
obtained by the acid-catalyzed reaction o f resorcinol and aldehydes. Nowadays, there 
are several methods for the synthesis o f these compounds giving high yields22. The 
resorc[4]arene is a calix type macrocycle formed by resorcinol units linked at the 
para  position by a methylene bridge. Like the calix[4]arene, the resorc[4]arene has 
multiple sites available for modification. The hydroxyl groups can be modified by a 
nucleophilic substitution reaction, while the ortho position of the aromatic ring can be 
modified with an electrophilic substitution. The methylene bridge that joins the 
resorcinol units bring many alternatives for the synthesis of different resorc[4]arenes 
structures. Also depending on a suitable bridge, functionalization can be done at this 
position. This allows building a double cavity similar to calixarenes. Further 
modification o f the resorcarenes at the hydroxyl groups can lead to the formation of 
cavitands, using a bridge such as bromo-chloro-methane to join the hydroxyl groups 
between two adjacent resorcinol units.
1.2.2. Calixpy rroles
CalixpyiToles (Fig. 3)were reported by Baeyer23 in 1886 as the product o f the acid 
condensation o f pyrrole with ketones. The NH groups o f the pyrrole give these 
macrocycles the potential use for targeting anions and neutral species24. Further 
modifications can be obtained by functionalization at the C-25 and TY-rims26 and at the 
meso-position o f the bridge27. Calixpyrroles had found diverse applications in the 
fields o f electrochemistry (as membranes for ion selective electrodes), polymers (as 
anchor materials in solid supports for HPLC) and optical sensors24. Thermodynamics
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of calixpyiToles and derivatives has been reported by Danil de Namor and co-workers 
for complexation processes involving anions (F", Cf, Br\ I", H2PO4', HSO4' and
n o 3-)28.
The following section describes the many factors which influence the interaction between 
macrocycles and target species.
1.3. Host-Guest interactions
Host-guest interactions depend on many factors that determine the selectivity and the 
strength o f complexation. Cram defined the host as “an organic molecule or ion whose 
binding sites converge in the complex and the guest as molecules or ions whose binding 
sites diverge in the complex...”. Strategic design of macrocycles to target specific guest 
species is the goal o f this field. Therefore it is important to understand the process of 
complexation and the properties associated with these processes. Factors contributing to 
complex formation are now descibed.
i) Cavity/hole size of the macrocycle. The relation between the cavity/hole size 
and the selection towards target species o f an appropriate size that fit inside 
the cavity is just the tip o f the iceberg in the complex relation between host 
and guests. The rigidity o f macrocycles is important as these macrocycles will 
tend to trap target species that match the cavity/hole size o f the host, while 
flexible macrocycles will expand or contract in order to trap cations of 
different sizes. The strength o f interaction of crown ethers with metal cations 
varies depending on the number of carbons of the macrocycle. The good 
flexibility o f the crown ethers allows this macrocycle to interact with several 
metal cations independly o f the size of the hole or the size o f the metal cation. 
For example, the 18-crown-6 interacts strongly with K+ cations as an optimum 
fit between ligand and metal cation is managed, but still the ligand is able to 
interact with smaller 01* bigger cations such Na+ and Rb+ respectively. 
Calix[n]arenes possess an adjustable cavity that can be re-accommodated to fit
6
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different sizes o f cations due to the pendant arms in the hydrophilic cavity and 
the pre-organization suffered in the presence of solvents mostly in the 
hydrophobic cavity. This will be detailed in the section on calix[4]arenes and 
their derivatives.
ii) Binding sites. The nature o f the binding sites is one o f the most important
properties that determine the strength o f complexation. Depending on the 
binding sites, interaction with neutral species, cations or anions may occur. 
This is due to differences in the electrostatic charges. Calix[4]pyrroles tend to 
complex with anions due to the possibility o f hydrogen bond formation 
between the NH proton and the anion. Compounds containing Lewis basic 
donor atoms will tend to attract cations. The number o f binding sites is 
important in order to match the coordination number required by the target 
specie. The distance between the binding sites should be long enough to avoid 
repulsion between them and close enough to trap the target molecule-ion 
effectively. The nature o f the donor atom is relevant as hard donor atoms will 
tend to interact better with hard metal cations while soft donor atoms will 
interact better with soft cations.
Hi) Chemical bonding. The interaction between macrocycles and ions or neutral
species is possible due to non-covalent bonding (ion-dipole interaction, ion- 
ion interaction, hydrogen bonding, electrostatic interactions, van der Waals 
forces, etc.) formed between both entities (host and guest)30. Supramolecular 
interactions between macrocyclic ligands such as crown ethers or cryptands 
with metal cations is mostly due to ion-dipole interactions. The lone pairs of 
electrons from the donor atoms will attract the positive charge of metal cations 
forming a coordinating bond. Amongst the non-covalent bonds, ion-dipole 
interaction is one o f the strongest (50-200 kJmof1}. Hydrogen bonding is a very 
important interaction in supramolecular chemistry which is formed between a 
hydrogen attached to an electron withdrawing group with a neighboring dipole
7
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of a molecule or functional group. Interactions o f calixpyrroles with anions 
are possible due to the NH functionality o f the calixpyrrole31.
iv) Solvation. Solvation is the process o f attraction and association of solvent 
molecules with ions or molecules. The process o f complexation in a given 
solvent depends on the solvation o f the host, the guest and the host-guest 
complex. For a ligand to interact with an ion, the ligand has to overcome its 
own solvation and then compete with the solvation o f the ion in order to form 
a complex. Eq. 1 shows a representation of this process, where S, L and M 
denote the solvent, the host and the guest respectively:
(MS')"* + L S ->  (.MLS)"+ + S ...(eq .l)
Stabilities o f complexes as well as the kinetics o f complex formation, the 
thermodynamics o f ion extraction and transport processes32 are also dependant 
on the solvation o f the participant species.
Solvation depends strongly on ionic size, as small ions will tend to be more 
solvated than large ones. The ion charge plays also an important role on 
solvation as this process depends 011 electrostatic forces. Solvation of soft 
cations (highly polarisable cations) tends to show higher values o f standard 
Gibbs energy o f hydration than hard cations.
When the number o f coordinating binding sites in a macrocycle replaces all 
the solvent molecules surrounding an ion, then a maximum complex stability 
is observed.
In troduction
1.4. Stability constant of complex formation.
The thermodynamic stability constant gives a quantitative value for the strength of 
interaction between a ligand and a target species in a given solvent. The stability constant 
(Ks) represents the relation between the activity o f the complex <4 ,1/ over the activities of
ligand Cfi, and target species, in this case, a metal cation <4,“+(eq.2):
K  \ M T l r y r  [MC'*]
a m„ . a L[ M “+][Z].? W i . [ M ”*][L]
The activity is the product o f concentration [X] and activity coefficient y as shown in eq. 
2.
The stability constant can be expressed in terms of concentrations on the assumption that 
the activity coefficient o f the ligand is equal to one and the activity coefficients for the 
metal ions and metal-ion complex are the same. These assumptions are valid at low 
concentrations whenever solvents of low polarity are not involved, otherwise ion-pair 
formation will take place. The ion-salt concentration should be low enough in order to 
keep activity coefficients close to unity.
Selectivity is a parameter that compares the stability constant o f a ligand towards two 
guests. This parameter shows the relative preference o f the ligand towards one guest 
relative to the other. The selectivity factor is expressed as the ratio between the stability 
constant of the ligand with a given ion with respect to another in a given solvent and at 
given temperature.
K  ...(eq.3)
Selectivity(S) = —
guest 2
1.4.1.Methods used for determination of stability constants.
There are many techniques currently used for the determination o f the stability constant 
of a complex. These methods can be divided into i) methods that are dependant of the 
logarithm of the concentration and ii) methods that are dependant o f the activity 
(concentration) o f one o f the species in solution.
9
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1.4.1.1. Methods that are dependant of the logarithm of the concentration:
These methods can be used to determine the stability constant o f highly stable 
complexes (log Ks>6). A representative example is the potentiometric method.
i) Potentiometric titrations. It measures the concentration (or activity) of the 
free ions in solution. By knowing the activivity of the free ions in solution, it 
is possible to calculate the activity of the complex and the free ligand. This 
method is very useful as ion selective electrodes are able to determine very 
low concentrations o f the analysed ion. The advantages o f this method apart 
from its precision are i) the low cost (does not require sophisticated equipment 
other than an ion selective electrode and a reference electrode, a potentiometer 
currently available in the laboratory) ii) its capacity to determine a wide range 
of stability constant values.The use o f pH electrodes is also useful when the 
ligand undergoes protonation, therefore the electrode is used to determine the 
pKa values.
Silver electrodes have been extensively used when the ligand interacts with 
the Ag+ cation and are used to determine by competitive potentiometry, the 
stability constants o f other metal cations preferably with Ks values lower than 
the one for silver and not higher than 2 log units in magnitude. This method 
will be detailed in the Experimental Section o f this thesis.
X.4.1.2. Methods that are dependant of the activity (concentration) of one of 
the species in solution.
These methods are not suitable to measure stability constant o f highly stable 
complexes. Stability constants can be calculated within a range o f 2<log Ks <5. 
The reason for this is that the concentrations o f the reactants or product will be so 
low that the limit o f the detection of the machines will fail to give an accurate 
reading.
i) Nuclear magnetic resonance. NMR spectroscopy gives valuable information 
on the interaction sites of the host, as its interaction with guest species will
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modify the magnetic environment of the host molecule, leading to a change of 
conformation o f the latter. 'H NMR and 13C NMR have been extensively used 
for this purpose. Several articles have been published in which the 
conformational changes, the stoichiometry and the stability constant of the 
complex have been reported33,34. If the exchange o f the complexed and 
uncomplexed host is slow on the NMR time scale, two signals will appear, 
one for the complex and the other for the uncomplex host. The ratio o f the 
integration o f these two signals may provide information about the 
stoichiometry, the strength o f the interaction and the stability o f the complex. 
The following equation gives the bases for the curve fitting techniques used to 
obtain the Ks values:
S  -   ^§  + \M k)  §  ...(eq.4)
exp M  ^  p  ML V *1 /
CM  ^ M
A P = & U L  H ( K sc m - K , c l-1 ) + p r A  - K fiL -l)2 +4
' M s
In eqs, 4 and 5, 8exp, 5m  and 5ml denote the chemical shifts for the 
experimental values obtained for the metal cation and metal-cation/ligand 
complexes values respectively; cm and c l denotes the total concentration for 
the metal ion and the ligand respectively.
ii) Conductometry. This is a useful tool to determine qualitatively and 
quantitatively the strength and the stoichiometry of the complex. Considering
that often the mobility o f the free ion in solution is higher than that o f the ion 
in its complex state (the size o f the solvated complex is often larger than that 
of the solvated ion), a plot of molar conductance vs the concentration ratio of 
host and guest ([host]/[guest]) gives the composition o f the metal-ion complex 
in the conductometric titration curve qualitatively. The strength of 
complexation can be assessed from the sharpness of the break found. As far as
the stability constant is concerned, it is possible to calculate this value by 
applying the following formula:
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Ks = 77V~AAg >_ 7 °"* ...(eq.6)
J exp / V l" +
In eq. 6, A  "+ XktL '•* denotes the experimental molar cationic
conductance, the conductance o f the metal cation and the conductance of the 
metal-ion complex (Mn+L). Eq. 6 can be applied directly if  the stability of the 
complex is sufficient to enable direct measurements o f /L."+ at high 
([host]/[guest]) concentration ratio.
Hi) Ultraviolet Spectophotometry. This technique can be used to measure the 
change in absorbances o f chromophoric groups upon complexation with guest 
species. As most o f the macrocycles do not have useful absorbance in the UV 
and visible region, the stability constant is commonly determined by 
measuring the absorbance of the salt and not the ligand (the changes in 
absorbance o f the ligand are relatively small compared to other chromophoric 
groups). The counter-ion o f the salt may give a better change in absorbance. 
This is the case for the picrate anion. Its concentration can be determined and 
the data used to calculate the stability constant.
iv) Calorimetry. Titration calorimetry measures the heat changes taking place 
during a titration reaction. These data are used to calculate the enthalpy and 
stability constant o f the complex. From the stability constant, the standard 
Gibbs energy o f the process, ACG°, can be calculated. Combination of Gibbs 
energy and enthalpy, leads to the calculation o f the entropy o f complexation 
(ACS°) o f the process. This method will be discussed in detail in the 
Experimental Section.
Following the brief introduction given on the methods used to determine the stability 
constant o f metal-ion complexes, a brief history o f calixarenes (the macrocycles mainly 
investigated in this thesis) is now given.
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2. Calixarenes
2.1. Brief history of calixarenes
Calixarenes are cyclophanes arranged in a cup-shaped array. It is important to mention 
that this property is mainly observed for the tetramer and the pentamer. As the number of 
phenol units increases, the conformation of these macrocycles will not longer maintain 
this shape. The name “calixarenes” derives from the greek word ‘Calix Crater’ due to the 
resemblance to a vase known by this name. The term calixarene was used to name a 
certain family o f cyclic phenols, but due to the new discoveries o f macrocycles 
resembling the ‘calix shape’, this nomination has been generalized to represent a much 
broader range o f ligands. Calixarenes were discovered around 1872 by Adolf von
<jc t
Baeyer as a result o f a condensation reaction between benzaldehyde and pyrogallol, but 
their structure could not be established at the time due to the lack of analytical techniques 
available to characterize these compounds. Around 1944, Zinke36 and Ziegler reported 
the condensation reaction o f /Ker/'-butylphenol and formaldehyde in a basic medium (see 
Scheme 1) to yield cyclic oligomers (the result was an impure />ter/-butylcalix[4]arene), 
but the method to synthesize this compound in good and reproducible yields was 
developed by Gutsche and coworkers37 in the 1970’s, almost one century after their 
discovery by von Baeyer.
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R
OH
p-substituted
phenol
O
A
OH-
Formaldehyde
p-substituted
calix[n]arene
R=H, f-but, Me 
n= 4,5,6,8
Scheme 1. Schematic single step synthesis of calix[n]arenes
From then onwards, an increasing interest in this family of macrocycles was shown to the 
extent that a wide range of cyclic oligomers using different backbones such as phenol, 
resorcinol and pyrogallol38 were synthesized. Each o f these macrocycles possess different 
characteristics and properties. Therefore, with such broad array o f macrocycles (not only 
resulting from the use o f different backbones, but also from the cyclation of different 
number o f these units e.g calix[n]arenes (n=4,5,6,7,8) (see Fig. 4)), it is not surprising 
that new discoveries on these materials are continuously reported in the literature35.
11=4,5,6,7,8 n=4,5,6,7,8
Fig. 4. Calix[n]arene andp-/erributyl-calix[n]arene
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2.2. General Properties of Calixarenes
Calix[n]arenes (mostly the n= 4 and 5 derivatives) contain two cavities when 
functionalized. The lower rim of calixarenes has hydroxyl groups (hydrophilic region), 
while the upper rim is hydrophobic (see Fig. 5). As the number of phenol units increases, 
the term “calix” loses its meaning due to a higher flexibility leading to a less stable 
conformation (inversion of phenol units). Also both, the upper and the lower rims, are 
subject of modification in order to introduce functional groups and/or enabling a further 
polymerization.
Upper Rim 
Lower Rim
Fig. 5. Representation of the calixarene’s double cavity
Many calix[4]arene derivatives have been obtained by the functionalization of the lower 
rim with ester39, ketone40,41, amine42,43 and amide44 functional groups. These have been 
characterized and their complexation properties including the thermodynamics of cation 
complexation have been investigated45. Upper rim functionalization is often performed 
through de-/er/-butylation o f the /?ara-position46 using a Friedel Craft de-alkylation 
reaction in order to introduce a functional group by electrophilic substitution at the p r o ­
position47.
Infrared analysis o f parent calixarenes gives a signal for the OH bond in the region 
between 3100-3500 cm'1. The U0h values for the p-terr-butyl-calixfnjarenes (n=4,6,8) are 
listed in Table 1.
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Table. 1. IR Stretching Frequencies for the OH bond in parent p-tert- 
butyl-calix[4]arenes. (1)0H, frequency in cm"1).
Compound Uoh, cm
p-/er/-butyl-calix [4] arene 3150b-3179a
p-ter/-butyl-calix[5]arene 3300a
p-ferfrbutyl-calix [6] arene 3120a
p-/er/-butyl-calix[8]arene
a n  £• , 1 0  b n  S ' a  r \
3190a
“Ref .48; “Ref.49
The stretching frequencies o f the OH for the tetramer, hexamer and octamer are lower 
than those for the pentamer. This indicates that the strength of the hydrogen bond across 
the rim is stronger for those having 4, 6 and 8 units. The calix[5]arene appears in a more 
open ‘cone5 conformation, therefore the stretching frequency is increased.
Thep-fert-buty 1-calix[4]arene is mostly present in a ‘cone’ conformation due to hydrogen 
bond formation at the lower rim (between the hydroxyl groups)50, which contributes to 
the high melting point o f these compounds (342 °C for p-tert-butyl calix[4]arene, 310 °C 
for pentamer, 373 °C for the hexamer and 419 °C for the octamer).
The solubility o f parent calixarenes is very low in water and organic solvents (see Table
2). Unlike the cyclic tetramer and the octamer, solvate formation was found for the 
pentamer in dipolar aprotic and apolar sovents. When a comparison is made on the 
solubility o f the four p-fer/-butylcalix[n]arenes, it is interesting to note the high solubility 
of the cyclic pentamer in acetonitrile, and the substantial decrease o f it for the tetramer 
and the octamer. The p-ter/-butyl-calix[4]ester shows a “selective solvation” among the 
various solvents. This selective solvation seems to decrease for the pentamer and 
subsequently for the octamer.
Lower rim functionalization has proven to enhance the solubilities o f these compounds in 
organic solvents. Table 3 shows calixarene derivatives with a remarkable increase in their 
solubilities in acetonitrile (nearly 100-1000 times more soluble than parent calixarenes) 
and in methanol (nearly 10 times more soluble than the parent calixarene).
16
In troduction
Table. 2. Solubilities of p-/£//~butyl-calix[n]arenes (n=4,5,6,8) in different 
solvents. Standard Gibbs energies of solution (ASG°) and transfer 
Gibbs energies (AtG° MeCN^ s) from MeCN to other solvents85.
Solvent8 Solubility ASG° AtG° Solubility ASG° AtG°
(m o l.d m '3) ( k J  m o l'1) ( k J  m o l'1) (m o l.d m 3) ( k J  m o l1) ( k J  m o l1)
Calix[4] Calixl51
MeCN 4.73 x KT5 24.69 0 1.59 x 10'3 16.0 0
MeOH 5.90 x 10'4 18.43 -6.26 8.0 x IO'4 17.7 1.7
EtOH 3.30 x 10'4 19.87 -4.82 8.5x IO'4 17.5 1.5
DMF 1.10 x 1 0 3 16.89 -7.8 8.4 x IO'3 11.9 -4.1
n-Hex 2.12 x 10'4 20.97 -3.72 6.7 x 10'3 12.4 -3.6
PC d d d 3.2 x 10’3 14.2 - 1.8
Tol d d d 1.4 x 10"3 16.3 0.3
CHCI3 4.34 x  10‘3 13.48 -11.21 very soluble solvate formation
PhCN 9.47 x 10'4 17.26 -7.43 very soluble solvate formation
PhN02 1.83 x 10‘2 9.92 -14.77
DCM b b b very soluble solvate formation
DMSO b b b very soluble solvate formation
b b b • solvate formation
Solvent Solubility ASG° AtG° Solubility ASG° AtG°
(m o l.d m '3) ( k J  m o l1) ( k J  m o l'1) (m o l.d m '3) ( k J  m o l1) ( k J  m o l'1)
Calix[6] Calix[8]
MeCN b b b 1.68 x 1 O'5 27.26 0
MeOH b b b < 10'5
EtOH b b b < 10'5
DMF b b b 2.20 x 1 O'3 15.17 -12.09
n-Hex b b b 2.51 x 10"3 26.26
00T—< 1
PC b b b b b b
Tol b b b b b b
CHCI3 b b b 6.23 x 10'3 12.59 -14.67
PhCN 5.45 x 10’3 12.88 1.14 x IO"2 11.09 -16.17
PhN02 2.26 x 10"2 9.4 2.57 x 10-3 14.78 -12.48
DCM b b b b b b
DMSO b b b b b b
THF b b b b b b
8 Abbreviation for solvents: MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol; DMF, N,N- 
dimethylformamide; n-Hex, hexane; CHC13, chloroform; PhCN, benzoniti'ile; P hN 02> nitrobenzene. bNo 
data available
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Table. 3. Solubilities of Calix[n]arene derivatives in organic solvents44
L ig a n d S o lv e n t
Solubility, mol 
d m 3
n -4 , R i-C H 2C 0 2Et, 
R2=t-but
n=4, Ri=CH2C02nBu, 
R2=t-but
n=6, Ri=CH2C 0 2Et, 
R2=t-but
MeCN 1.12x10‘2
MeOH 3.65 xlO'3
MeCN 4.80 xlO '2
MeOH 9.44x1 O'3
MeCN 2.64 xlO '3
1-BuOH 1.23 xlO '2
1-BuOH satd with H 20 9.23 xlO '3
M e2CO 1.62x1 O'2
DMF 4.53 xlO '3
THF 0.152 x l0 ’:
1,2-DCE v. soluble
OR.,
The solubility o f calixarenes in water is very low due to the aromatic rings (hydrophobic 
part). Functionalization o f calixarenes with positive, negative or neutral but highly 
hydrophilic groups will enhance the solubility in water (Fig. 6). Ungaro and coworkers51 
reported a water soluble p-fcr/-butyl-calix[4]arene by full functionalization o f the lower 
rim with carboxylic acid functionalities (R+OH2CO2H). Calixarenes with phosphonic 
acids at the upper rim show solubility in basic solutions. Introduction o f sulphonate 
groups at the upper rim increases substantially the solubility in water independently o f the 
pH.
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Charged water-soluble receptors
n=4, Y=H 
n=5, Y=H 
n=6, Y=H 
n=8, Y=H 
n=4, Y=Me 
n=6, Y=Me 
n=4, Y=CH2C02H
CO„H
X
Neutral water-soluble receptors
R11 R1
JVL
S01  2|A s
,R
r S
OY
n
OMe
n 0 ^ "''NH(CH2OH)3
R^R^CH-jCH-PH, Y=H R=C[CONHC(CH2OH)3]
n=4,8
R=H
R=f-but
Fig. 6. Water soluble calixarenes52
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2.3. *H NMR studies of parent calixarenes
Nuclear' magnetic resonance (NMR) is a very useful technique for the structural 
characterization o f calixarenes. The *H NMR spectrum of /?-/er/-butyl-calix[4]arene in 
CD3CI at 298 IC in the “cone” conformation shows three singlets (aromatic, tert-bu\y\ and 
hydroxyl protons) and 2 doublets (for the methylene bridge). As for the 1,3-alternate 
conformation, all the signals appear as singlets, while the partial “cone” conformation 
shows three singlets for the tert-butyl protons, two doublets for the methylene bridge and 
two doublets or four singlets appeal- for the aromatic protons. However the ]H NMR 
spectrum of /MerFbuty lcalix[4]arene in the 1,2 alternate conformation in CD3CI shows 
one singlet for the ferributyl protons, two doublets for the methylene bridge and two 
singlets for the aromatic protons50.
2.4. *H NMR complexation studies of calixarene derivatives with metal cations.
Several articles have been published on *H NMR complexation studies o f calixarenes 
derivatives with metal cations . As specified earlier in the Introduction, this technique 
gives valuable information on the sites o f interaction o f the ligand with guest species and 
strength o f the complex between the host and the guest. It is also possible to assess the 
conformational changes of the ligand in different solvents by observing the chemical shift 
changes o f the axial and equatorial protons (A5ax-eq) which for a calix[4]arene in a perfect 
“cone-conformation” would be around A8ax-eq =0.90 ppm, while a flattened conformation 
gives a value o f A8ax-eq=0.50 ppm35. Danil de Namor and co workers53b studied the 
chemical shift changes o f a partially substituted calix[4]arene thio derivative (Fig. 7) in 
CD3CI, CD2CI2, CD3CN, CD3OD and C3D7NO (A5ax-eq = 0.99, 0.97, 0.90, 0.98 and 0.83 
ppm respectively) at 298 K, showing that in these solvents, this calixarene derivative 
adopts a perfect “cone-conformation”.
[H NMR complexation o f a calix[4]arene thio derivative with Hg2+ in acetonitrile, 
showed a significant chemical shift in the aromatic protons and in one o f the p-tert-butyl 
protons, suggesting that a solvent molecule might be interacting with the aromatic rings 
at the hydrophobic cavity.
*H NMR complexation studies o f a calix[4]arene-benzoketone derivative with alkali 
metal cations in CD3CN54 at 298 K showed deshielding effects on the aromatic protons
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for Li+, Na+, IC+ and Rb+ (as perchlorates). This effect was attributed to inclusion of the 
metal cations at the hydrophilic cavity which lead to the widening o f the hydrophobic 
cavity and/or the inclusion o f MeCN in the hydrophobic cavity and/or the interaction of 
the metal cations with the ethereal oxygens at the lower rim.
Fig. 7. a) Partially substituted calix[4]arene thio derivative; b) X-ray crystal 
structure o f Hg2+-calix[4]arene thio derivative complex in acetonitrile53
2.5. Conductometric titrations of metal cations with calixarenes
Conductometric titrations o f metal cations upon addition of calixarenes have been 
extensively studied as this technique gives valuable information o f the stoichiometry of 
the complex formation (ligand/metal) as well as giving qualitative and quantitative 
information o f the strength o f the interaction although this technique has not been used 
for the derivation of stability constant data by Danil de Namor et al. Conductometric 
titrations of lanthanide metal cations (as perchlorates) with calix[4]arene ketone (Fig. 8)55 
in MeCN and DMF at 298 IC showed stoichiometries o f complex formation 
(ligand/lanthanide metal cations) o f 1:1 in acetonitrile, while in DMF no complexation 
was observed. It was observed that in acetonitrile, a decrease o f conductance was 
observed for light trivalent cations (La3+, Sc3+ and Y3+) upon titration with the ligand, and
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the opposite effect was shown (increase of the molar conductance upon titration of the 
ligand into the cation solution) for the medium and late (heavy) lanthanides (Nd3+, Pr3+, 
Eu3+, Gd3+, Tb3+, Er3+, Ho3+ and Yb3+). The decrease o f the molar conductance in the first 
case was attributed to the decrease o f the mobility o f the cation due to the formation of 
the complex (increases the size o f the cation) and hence the decrease o f the conductance. 
In the second case, the increase in conductance was attributed to a lower solvation of the 
metal complex as compared to the free cation55.
Fig. 8. Calix[4]arene methyl ketone
2.6. Thermodynamics of Calixarene Chemistry
The thermodynamics o f complexation between a ligand and target species gives valuable 
information on the interactions undergoing in this process.
In 1998 Danil de Namor and co workers44 published a chemical review encompassing the 
work carried out imtil then on the solution and complexation thermodynamics of 
calixarenes. Solution thermodynamics for parentp-/er/-buty 1-calix[n]arenes (n=4,6,8) and 
derivatives and their cation complexes were reported including the solubilities referred to 
the standard state (1 mol.dm'3) in MeCN, MeOH, EtOH, DMF, n-Hex, CHC13, PhCN and 
PhNC>2 (see Table 2), the standard solution Gibbs energies (ASG°) and the standard Gibbs 
energies of transfer (AtG°) from one solvent (sj) to another (S2). The pKa (acid 
dissociation constant) values for calix [n] arenes in benzonitrile were established and it 
was shown that the cyclic arrays are more acid than the parent monomer (p-tert-butyl- 
phenol). Studies o f interactions o f calix [n] arene (n=derivatives (esters, ketones, amides,
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amines and acids) with cations (alkali and alkaline earth, transition and lanthanide metal 
cations and ammonium salts) in various solvents (MeCN, MeOH, PhCN) have been 
reported at 298.15 K using conductance and UV spectrophotometric measurements to 
establish the stoichiometry o f the complex formed. Calorimetry, potentiometry, 
conductometry, UV and visible absorption and fluorescence spectrophotometry were the 
techniques used to determine stability constants from which the Gibbs energies of 
complexation were calculated. Macro and micro calorimetric titrations have been used to 
determine the stability constant and the enthalpy o f complexation. Also enthalpy data 
have been derived from the variation o f the stability constant with the temperature by the 
use o f the van’t Hoff isochore (see eq. 7), but enthalpies o f solution obtained from 
calorimetric measurements are much more accurate56.
d \ n K ,  _ P/7 
dT R1'2 ...(eq.7)
In eq.7, Ks, T and H denote the stability constant, the temperature (IC) and the enthalpy 
(kJ. mol"1), respectively.
2.7. Potential uses of calixarenes
2.7.1. Perrin and coworkers57 have described the potential uses o f calixarenes on the 
basis of various scientific papers and existing patents. These are based on the following 
properties o f calixarenes and their derivatives:
•  Well defined oligomers
• High thermal stability as phenoplasts
• Good chemical stability as pehenoplasts
• Very high melting points
• Low solubility in most organic solvents
• Easy functionalization o f the lower and the upper rim
• Highly flexible macrocycles
• Availability o f calixarene molecules with various cavity sizes.
• Good complexing agents for metal cations and neutral species
• Highly selective macrocycles by appropriate design
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•  Low cost involved in the synthesis o f calixarenes relative to crown-ethers and 
cryptands, and high-value products as compared with phenoplasts.
According to Perrin, calixarenes can find applications on the following areas:
• Recovery o f caesium: A patent58 using a three liquid phase was published. These 
phases included an alkaline solution containing the nuclear waste material 
(uranium, caesium, potassium, sodium and rubidium as hydroxides), p-tert-butyl- 
calix[8]arene dissolved in dichloromethane, and a phase o f de-ionised or distilled 
water. The latter is used as a system for the recovery o f the metallic cations from 
solution. The organic phase serves as a liquid membrane for the transport of the 
metallic ions from the wastewater to the de-ionised or distilled water phase. The 
transport rate for caesium was found to be higher than that for potassium, sodium, 
lithium and rubidium cations.
• Recovery of uranium: Calix[n]arenes (n=5,6) derivatives were found to have 
potential applications as uranophiles59,60 therefore these were used to extract 
uranium from an aqueous solution to a non-aqueous solvent (odichlorobenzene).
• Lanthanide sequestration: Lanthanides complexes with calix[8]arene were 
prepared by Harrowfield and co-workers61 under basic conditions. The solubilities 
of the complexes were reported to be higher than those of the free salts, therefore 
these can be used for the purification of lanthanides, solvent extraction and 
lanthanide ion catalysis o f reactions in apolar solvents.
• Separation o f neutral organic molecules: The separation of isomers of xylene 
using j9-alkyl substituted calixarenes was performed by Perrin and co-workers62.
• Stabilizers for organic polymers: Seiffath and co-workers63 used unmodified 
calixarenes as efficient inhibitors o f polyolefin oxidation. Calixarenes are 
thermally stable and non-volatile compounda.
• Pollution control making use o f the selective behavior of caixarenes for neutral 
species: In 1989 Wainwright64 published a patent based on the removal of 
organic compounds (mainly halogenated hydrocarbons) with non-solvated 
calix[6]arenes.
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• Phase transfer agents: the use of calixarenes derivatives as phase transfer agents 
has been investigated in nucleophilic reactions involving the displacement of 
bromide in phenacyl bromide. The formation o f ethers using the Williamson 
reaction involving calix[6]arene derivatives proved to be more effective than
r e
methods previously reported .
• Accelerators for instant adhesives: It was shown that the use o f calixarene 
derivatives as additives for cyanocrylates reduces the fixing time considerably66.
• Ion scavengers for electronic devices: calixarenes derivatives can be used as 
cation-immobilizing agents for electronic encapsulants such as epoxides and 
silicones due to their ability to sequester metal cations67.
Grafting of macrocycles onto silica-based frameworks have found an important role on 
the extraction o f ionic species from aqueous solutions. Fig. 9 shows three types of 
calixarenes derivatives (amine, acetamide and phosphates) that were attached onto 
silicates surfaces.
(a) (b)
Phosphate
(c)
Fig. 9. Modified Silicates with calix[4]arene derivatives
Danil de Namor and co workers investigated the removal o f herbicides from water 
using amine-based calixarenes (Fig. 9 a). Modified silicates by the introduction of 
calixarene amines (partial substitution) have shown to have a high efficiency for the
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uptake o f 2,4-dichlorophenoxyacetic acid (0.27 mmol per gram of material), 2-(2,4- 
dichlorophenoxy)propionic acid (0.25 mmol per gram of material), 4-(2,4- 
dichlorophenoxy)butyric acid (0.26 mmol per gram of material) and naphthalene 
acetic acid (0.24 mmol per gram of material). The fully substituted calix[4]arene 
amine attached to silicates shows an increase in the uptake o f these pollutants of 
nearly two times relative to the partial substituted ligand (0.55, 0.57, 0.55 and 0.54 
mmol per gram of material for 2,4-dichlorophenoxyacetic acid, 2-(2,4- 
dichlorophenoxy)propionic acid, 4-(2,4-dichlorophenoxy)butyric acid and 
naphthalene acetic acid, respectively.
The extraction of sodium (as chloride) from aqueous solutions was carried out using 
calix[4]arene acetamide-modified silicates (Fig. 9b)69. The maximum uptake of 
sodium was found to be 4.9 mmol per gram of modified material. The optimum mass 
per 10 ml of aqueous solution is 0.02-0.05 g o f the silicate material; the removal 
capacity was 4.98-4.93 mmol per gram of material. The performance o f the material 
was shown to be enhanced in the 8-10 pH range. Temperatures between 288.15-
313.15 K do not seem to affect the extraction properties o f the material. A maximum 
uptake was achieved exposing the material to the saline solution for a period of 8 
hours, although the extraction o f sodium ions was found within 1 hour (0.27 mmol 
per gram of material). The extraction of other cations (e.g. chlorides) was 
investigated with the same material. Thus the uptake capacity for magnesium was 
found to be 1.14 mmol per gram while that for calcium, lithium and potassium were 
found to be 1.06, 2.03 and 1.43 mmoles per gram of material respectively. The effect 
of the counter-ion was also established using the sodium cation and hydrogen 
carbonate instead o f chloride as the counter-ion. The uptake capacity was nearly half 
by changing the counter ion (2.15 mmol of Na+ cation by using hydrogen carbonate 
compared to 4.9 mmol o f N a1" per gram of material using chloride as the anion). The 
decrease on the uptake capacity o f the material was attributed to a stronger hydrogen 
bond formation between the C f anion and the NH of the silane bridge relative to that 
formed between HCO3" and the NH moiety. The uptake o f sodium ions in the 
presence o f other cations (Li+, Na+, IC+, Mg2+ and Ca2+ cations in aqueous solution)
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decreased the capacity o f the material for sodium from 4.90 to 3.08 mmol per gram of 
material. However the selectivity o f the modified silicate for Na+ cations was not 
altered.
Calixarene based membrane electrodes.
Ions selective electrodes containing calixarene-based membranes continue to be the 
subject for extensive investigations70. Inmobilization of calix[4]arenes derivatives such as 
ketones, esters, amides, amines and thio-ethers into poly (vinyl chloride) was carried out 
by O’Connor and co-workers in 199471. The selectivity toward alkali and alkaline-eaith 
metal cations, hydrogen and ammonium ions were assessed. Shitubani and co-worlcers72 
investigated the effect o f different lengths of alkyl chains on the selective behaviour of 
these macrocycles for the sodium cation. The shorter alkyl chain showed better selectivity 
towards the N a1' cation and a better solubility in the membrane solvent. The working 
range of concentrations o f sodium for calix[4]arene triesters based membranes (Fig. 10) 
was found to be from lxlO "3 to lxlO ' 1 mol.dm'3. Calix[6]arene tetraester derivatives fixed 
onto poly(vinyl chloride) membranes showed good response towards Cs+ ions73 in 
thelxlO'6-lxlO _1 mol.dm'3 concentration range. Ion selective electrodes for lead (II) using 
calixarenes thioamides based membranes were reported by Malinowska74. These showed 
a good Nernstian response in the 10'6-10'2 mol.dm'3 activity range o f the lead (II) cation.
Fig. 10. Structure o f calix[4]arene triester derivative
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2.8. Parent Calix[4]arenes and derivatives
The calix[4]arene and the /?-ter/-butyl-calix[4]arene are arrangements o f four phenols or 
p-tert-butyl-phenol units respectively, linked together by methylene bridges at the ortho 
position o f the phenolic groups in the aromatic rings. The systematic name for the p-tert- 
butyl-calix[4]arene would be 5,11,17,23-tetra-fert-butylcalix[4]arene-25,26,27,28-tetrol. 
The /?-fer/-butyl-calix[4]arene is nearly found in a “cone conformation” (C4v) while the 
derivatives can adopt four- different conformations75, cone, (with all the hydroxyl groups 
facing in one direction); partial cone, (where three o f the hydroxyls face one direction 
and the fourth facing the opposite direction); 1,3 alternate, (where two opposite rings 
have their hydroxyl groups facing one direction and the other two opposite rings facing 
the other direction); 1,2 Alternate, (where two adjacent rings have their hydroxyl groups 
facing one direction and the next two adjacent rings having their hydroxyl groups in the 
opposite direction). These different conformations are shown in Fig. 11. The changes of  
conformation from the parent calix[4]arene to its derivatives is mainly due to the absence 
of hydrogen bonds in the latter relative to the former76.
Y Y
i f t k
\  i j /
Fig. 11. Possible conformations o f calix[4]arenes.
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Extensive work has been carried out on the selective functionalization o f calix[4]arene by 
upper and lower rim substitution. Bohmer and co-workers77 have discussed the chemical 
modification o f calix[4] arenes and resorcarenes
2.9. Parent calix[5]arene and derivatives
The one step synthesis o f calix[5]arenes was firstly reported by Ninagawa and Matsuda78 
in 1982 (ca 6 % yield). Since then various approaches have been published on the cyclic 
pentamer. Thus in 1993, Donald and Gutsche79 reported a yield o f -15  % by the basic 
condensation o f p-/ert-butyl-phenol using potassium hydroxide in tetralin. Iwamoto and 
coworkers80 using potassium rtbutoxide as a basic medium reported a yield of 22.5 %. 
Emphasis was made by these authors on the importance o f the temperature and the water 
content during the synthesis. Besides the cyclic pentamer, other calix[n]arenes 
(n=4,6,7,8) are obtained in the synthetic procedure used. Therefore the isolation process 
becomes complicated reducing the yield o f the calix[5]arene. The conformational features 
of the calix[5]arenes are similar to those o f the tetramer (see Fig. 12). Thondorf and 
Brenn81 using molecular mechanics calculations reported 32 subclasses of p- 
methylcalix[5]arene and p-methylcalix[5Jarene ether derived from the four main 
conformations, most of them as low energy conformers.
£s3> MterasS* l j,  Aitefsxs&s
Fig. 12. Conformations o f  Calix[5]arene
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As compared with the cyclic tetramer the functionalization o f calix[5]arene derivatives 
has not been too successful. The difficulty relies in the relatively low yield obtained for 
the parent pentamer.
In 1995 Gordon and co-workers reported a series o f cromoionophores to target larger 
alkali metal cations known as calix[5]arene-crown-ethers. Investigation o f the absorbance 
response using UV/VIS techniques o f the macrobicyclic molecules in the presence of 
metal cations gave evidence o f their selectivity for the caesium cation. A lower response 
was found for potassium and even a lesser response was observed for lithium or sodium 
cations. Results obtained with cromoionophores led Arnaud and co-workers83 to a further 
investigation on these calixarene-crown derivatives, reporting the synthesis of several 
calix[5]arenes andp-tert-butyl-calix[5]arenes containing crown ether as functional groups 
at the lower rim (see Fig. 13). Following the synthesis of these compounds, Arnaud and 
co-workers reported also the thermodynamics o f complexation between these 
calix[5]arene crown derivatives and alkali metal cations in methanol at 298.15 K.
3
R
H
Y
H
X
a / ~ \  b / “ \T A
4 C(CH3)3 H c / —\ /—\ /—\  '  O 0 '
5 H CH3 d n n n r \' O O O '
6
7
C(CH3)3
C(CH3)3
ch3
ch2cooc2h5
e
f
Q
Fig. 13. Calix[5]arene crow n ether derivatives.
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Thermodynamic data o f complexation for p-ter/-butyl-calix[5]arene crowns containing 
four, five and six oxygens in the crown ether (12-crown-4, 15-crown-5 and 18-crown-6 
analogues respectively) with alkali metal cations in methanol are shown in Table 4. Thus 
the 15-crown-5 derivative forms more stable complexes with alkali metal cations than the 
other two macrocycles. For these ligands, the complexation process was found to be 
enthalpically controlled and entropically favoured.
Table. 4. Thermodynamic parameters of complexation o f calix[5]crown derivatives with 
alkali metal cations in methanol at 298.15 K83.
log Ks ACG° ACH° ACS°
kJ.mol'1 kJinol1 JlcSnol"1
12-crown-4
K+ 2.80a -16.10 c c
Rb+ 3.00a -17.10 -15.70b 5.00
Cs+ 3.20a -18.20 -10.90b 24.00
15-crown-5
K+ 3.40a -18.80 - 10.00 30.00
Rb+ 4.00a -22.20 -16.00 20.00
Cs+ 4.40a -25.10 -21.30 13.00
18-crown-6
K+ 3.20a -17.40 -14.00 10.00
Rb+ 3.50a -19.40 -17.90 3.00
Cs+ 3.80a -21.00 19.60 3.00
aSpectrophotometric determination; bone determination only; 
cnot detectable.
Solid-state inclusion complexes o f calix[5]arene with halo-susbstituted benzenes (fluoro-, 
chloro-, bromo- and iodo) have been reported by Clark and co-workers84 and analysed 
using X-ray Diffraction. Complexes o f calix[5]arene with fluoro- , chloro- and bromo- 
benzene were found in the “cone” conformation. The guest was hosted in the 
hydrophobic cavity interacting via CH -tt interactions. The composition o f the complex 
was 1:1 (host : guest). The para  aromatic C-H--7T distance (3.52, 3.21 and 2.96 A for F‘,
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C1‘ and Br' respectively) decreases as the size of the halogen atom increases. As far as 
iodine is concerned, the iodobenzene sits in the inner cavity formed by the oxygens of the 
lower rim in the absence o f ortho C-H—tt interactions.
In 2007 Danil de Namor and co-workers85 published the thermodynamics o f ethyl-p-te/t- 
butylcalix[5]arene pentanoate and its cation complexes in non-aqueous media. The results 
represent a detailed investigation involving solubility measurements for the determination 
of the standard Gibbs energy o f solution and the transfer standard Gibbs energy of the 
macrocycle from acetonitrile to other solvents of the pentaester and its interaction with 
mono and bivalent metal cations was also assessed through NMR measurements. 
Conductometric titrations were carried out to determine the stoichiometry of 
complexation (ligand/metal cation). From calorimetric titrations the thermodynamic 
parameters of complexation in acetonitrile and methanol at 298.15 IC were obtained.
Table 5 shows the solubility for calix[5]esters in various solvents, as well as the standard 
Gibbs energies o f solution (ASG°) and transfer Gibbs energies (AtG°) from acetonitrile to 
other solvents. Comparison o f data for the transfer Gibbs energies from acetonitrile to 
other solvents for the calix[5]ester relative to those found for other systems are shown in 
Table 5 for parent calixarenes. It is noted that the solvation of the solute in one solvent 
relative to another is not substantial.
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Table. 5. S o l u b i l i t i e s  f o r  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  i n  d i f f e r e n t  s o l v e n t s .  S t a n d a r d  G i b b s  
e n e r g i e s  o f  s o l u t i o n  ( A S G ° )  a n d  t r a n s f e r  G i b b s  e n e r g i e s  ( A tG °  M e C N ^ s o i v )  f r o m  
M e C N  t o  o t h e r  s o l v e n t s 6 9 .
Solvent Solubility ASG° AtG°
(mol.dm'3) (kJ mol'1) (lcJ mol'1)
Calix [5] arene ester
M e C N 7 . 7  x  1 0 '3 12 .1 0.0
M e O H 4 . 0  X I O ’3 1 3 . 7 1.6
E t O H 3 . 6  x  1 0 ‘3 1 3 . 8 1 . 7
n - H e x 1.8  x u r 3 1 5 . 6 3 . 5
P C 2.0  x  10 '3 1 5 . 4 3 . 3
T o l 3 . 3  x  1 0 ’2 8.6 - 3 . 5
C H C I 3 v e r y  s o l u b l e s o l v a t e  f o r m a t i o n
D C M v e r y  s o l u b l e s o l v a t e  f o r m a t i o n
D M S O v e r y  s o l u b l e s o l v a t e  f o r m a t i o n
T H F v e r y  s o l u b l e s o l v a t e  f o r m a t i o n
D M F v e r y  s o l u b l e s o l v a t e  f o r m a t i o n
1H NMR and chemical shift changes of ethyl //-fe/Mratyl-calixlS] arene pentanoate 
with uni and bivalent metal cations in CD3CN at 298 K85.
C h e m i c a l  s h i f t  c h a n g e s  f o r  t h e  c a l i x [ 5 ] a r e n e  e s t e r  u p o n  t h e  a d d i t i o n  o f  a l k a l i  a n d  s i l v e r  
m e t a l  c a t i o n s  ( a s  p e r c h l o r a t e s )  i n  C D 3C N  s h o w  a  d e c r e a s i n g  A 8a x - e q  v a l u e s  g o i n g  d o w n  
t h e  g r o u p  f r o m  l i t h i u m  t o  c e s i u m .  T h u s  A 8a x - e q  v a l u e s  w e r e  f o u n d  t o  b e  1 . 2 1 ,  1 . 1 3 ,  1 . 1 9 ,
1 . 1 1  a n d  1 . 1 6  p p m  f o r  L i + , N a + , K + , R b +  a n d  C s +  r e s p e c t i v e l y .  A  s i m i l a r  b e h a v i o u r  i s  
o b s e r v e d  i n  C D 3O D .  T h e s e  v a l u e s  c o r r e s p o n d  t o  a  “ c o n e - l i k e ”  c o n f o r m a t i o n  t h a t  t h e  
m a c r o c y c l e  a d o p t s  u p o n  c o m p l e x a t i o n  w i t h  a l k a l i - m e t a l  c a t i o n s  i n d e p e n d e n t l y  o f  t h e  
s o l v e n t  s y s t e m .  D u e  t o  t h e  f a c t  t h a t  s i g n i f i c a n t  c h e m i c a l  s h i f t s  w e r e  r e f l e c t e d  o n l y  i n  t h e
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A S a x - e q  f o r  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e ,  i t  w a s  d i f f i c u l t  t o  e s t a b l i s h  t h e  s i t e  o f  
i n t e r a c t i o n  o f  t h i s  l i g a n d  w i t h  t h e  u n i v a l e n t  m e t a l  c a t i o n s .
D a t a  s h o w n  i n  T a b l e  6 c o r r e s p o n d s  t o  t h e  i n t e r a c t i o n  o f  t h e  c a l i x [ 5 ]  e s t e r  d e r i v a t i v e  u p o n  
t h e  a d d i t i o n  o f  b i v a l e n t  m e t a l  c a t i o n s .  B y  o b s e r v i n g  t h e  A 8 a x .e q ,  i t  i s  n o t i c e a b l e  t h a t  u p o n  
c o m p l e x a t i o n  o f  t h i s  l i g a n d  w i t h  M g 2 +  i n  C D 3C N  , t h e  c o m p l e x  a d o p t s  a  “ d i s t o r t e d - c o n e ”  
c o n f o r m a t i o n  w h i l e  f o r  t h e  i n t e r a c t i o n  o f  t h i s  m a c r o c y c l e  w i t h  o t h e r  b i v a l e n t  c a t i o n s ,  a  
“ f l a t t e n e d - c o n e ”  c o n f o r m a t i o n  i s  a d o p t e d  b y  t h i s  l i g a n d .  S i g n i f i c a n t  c h e m i c a l  s h i f t  
c h a n g e s  a r e  o b s e r v e d  i n  t h e  a r o m a t i c  p r o t o n s  f o r  m o s t  b i v a l e n t  c a t i o n s  ( e x c e p t  M g 2 +  a n d  
Z n 2 + )  i n  C D 3C N .  T h i s  w a s  i n t e r p r e t e d  a s  a n  i n d i c a t i o n  o f  t h e  p r e s e n c e  o f  a c e t o n i t r i l e  i n  
t h e  h y d r o p h o b i c  c a v i t y  o f  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e 8 5 .
Table. 6 . N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 5  p p m )  f o r  c a l i x [ 5 ] a r e n e  e s t e r  a t  2 9 8  I C  i n  
C D 3C N 8 5 .
A5 (CD3CN)a
P r o t o n M g 2 + C a 2 + S r 2 + B a 2 + C d 2 + H g 2 + P b 2 + Z n 2 +
1 0 . 0 0 0 . 0 7 0 . 0 8 0 .10 0 . 0 8 0 . 0 7 0 .12 0 . 0 0
2 - 0.02 0 . 2 7 0 . 3 1 0 . 3 9 0 . 2 8 0 . 3 0 0 . 3 8 0.01
3 0 . 0 4 0 . 1 8 0 . 1 8 0 . 1 7 0 . 1 9 0 . 1 8 0.21 0 . 0 4 1
4 - 0 . 0 3 - 0 . 5 1 - 0 . 5 3 - 0 . 5 7 - 0 . 5 1 - 0 . 5 3 - 0 . 5 2 o v e r l a p
Y r ,
5 0.01 - 0 . 1 1 - 0 .12 - 0 .12 0 . 0 6 0 . 1 3 0 . 1 7 0 . 0 0
6 0.01 0 . 2 3 0 . 2 3 0 . 2 3 0.22 0 . 2 3 0 . 2 4 0 . 0 5
5 /
7 - 0 . 0 7 0 . 1 1 0 .12 0 . 1 3 0 . 1 1 0 .12 0.20 0 . 0 8 > = °0
> *
7
A S a x - e q 1 . 3 4 0 . 7 2 0 . 7 0 0 . 6 7 0 , 7 1 0 . 7 0 0.68
" S o l v e n t  a b b r e v i a t i o n :  C D 3C N ,  d e u t e r a t e d  a c e t o n i t r i l e
T h e  f o l l o w i n g  s e c t i o n  r e v i e w s  c o n d u c t a n c e  m e a s u r e m e n t s  c a r r i e d  o u t  i n v o l v i n g  t h e  
c a l i x [ 5 ] a r e n e  e s t e r  a n d  a l k a l i  a n d  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  w i t h  t h e  a i m  o f  e s t a b l i s h i n g  
t h e  c o m p o s i t i o n  o f  t h e  m e t a l - i o n  c o m p l e x e s .
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Conductometric titrations of uni and bivalent metal cations with the ethyl p-tert- 
butyl-calix[5]arene ester derivative in acetonitrile and methanol at 298.15 K85.
C o n d u c t o m e t r i c  t i t r a t i o n s  o f  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  w i t h  t h e  p -te r t- b u t y l -  
c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  w e r e  r e p o r t e d  i n  M e C N  a n d  M e O H  a t  2 9 8 . 1 5  K .  P l o t s  o f  
m o l a r  c o n d u c t a n c e ,  A n l  ( S . c m 2m o f 1 ) ,  a g a i n s t  t h e  l i g a n d / m e t a l - c a t i o n  c o n c e n t r a t i o n  r a t i o  
s h o w e d  t h e  v a r i a t i o n  o f  c o n d u c t i v i t y  o f  t h e  m e t a l - i o n  s o l u t i o n  u p o n  t i t r a t i o n  w i t h  t h e  
l i g a n d .  S t o i c h i o m e t r y  o f  c o m p l e x  f o r m a t i o n  b e t w e e n  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  
w i t h  u n i v a l e n t  m e t a l  c a t i o n s  s h o w e d  a  1 :1  ( l i g a n d  : m e t a l - c a t i o n )  i n t e r a c t i o n  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  K .  T h e  p r e f e r e n c e  o f  t h e  c a l i x [ 5 ] a r e n e  e s t e r  
d e r i v a t i v e  f o r  l a r g e r  m e t a l  c a t i o n s  ( K + , R b +  a n d  C s + )  i n  t h i s  s o l v e n t  w a s  r e f l e c t e d  i n  t h e  
m a g n i t u d e  o f  t h e  c h a n g e  o f  g r a d i e n t  a t  t h e  s t o i c h i o m e t r y  o f  c o m p l e x  f o r m a t i o n  ( 1 : 1 ) .  A s  
f o r  N a +  a n d  L i + , t h e  t h e  i n t e r a c t i o n  o f  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  w a s  f o u n d  t o  b e  
w e a k e r  w i t h  t h e s e  m e t a l  c a t i o n s  i n  M e C N .  T h e  A g +  c a t i o n  d o e s  n o t  s h o w  a n y  c h a n g e  i n  
c o n d u c t a n c e  u p o n  t h e  a d d i t i o n  o f  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  i n t o  t h e  s o l u t i o n  
c o n t a i n i n g  t h e  s i l v e r  s a l t  i n  a c e t o n i t r i l e .
F o r  t h e  i n t e r a c t i o n  o f  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  w i t h  b i v a l e n t  m e t a l  c a t i o n s  i n  
a c e t o n i t r i l e  a t  2 9 8 . 1 5  K ,  s t o i c h i o m e t r i e s  o f  c o m p l e x  s h o w e d  t h e  f o r m a t i o n  o f  1 : 1  ( l i g a n d  : 
m e t a l - c a t i o n )  c o m p l e x e s .  T h e  t r e n d  i n  s e l e c t i v i t y  w a s  f o u n d  t o  f o l l o w  t h e  s e q u e n c e :  B a 2 +  
>  S r 2 + >  C a 2 +  a n d  f o r  h e a v y  m e t a l s  t h e  t r e n d  f o l l o w s  t h e  s e q u e n c e  P b 2 +  >  H g 2 +  >  C d 2 + . A s  
f a r  a s  M g 2 +  i s  c o n c e r n e d ,  t h e  c o n d u c t o m e t r i c  t i t r a t i o n  r e s e m b l e s  t h e  s a m e  b e h a v i o r  a s  
t h a t  f o u n d  f o r  A g +  a n d  t h i s  l i g a n d  i n  a c e t o n i t r i l e ,  w h e r e  n o  i n t e r a c t i o n  t a k e s  p l a c e .  
C o n d u c t o m e t r i c  t i t r a t i o n s  o f  u n i v a l e n t  m e t a l  c a t i o n s  w i t h  t h e  c a l i x [ 5 ] a r e n e  e s t e r  
d e r i v a t i v e  i n  m e t h a n o l  a t  2 9 8 . 1 5  K  s h o w s  t h e  f o r m a t i o n  o f  a  1 : 1  c o m p l e x  o f  m o d e r a t e  
s t a b i l i t y  w i t h  t h e  a l k a l i - m e t a l s  a n d  v e r y  w e a k  i n t e r a c t i o n  w i t h  A g + . A s  f a r  a s  b i v a l e n t  
m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  c o m p l e x e s  o f  1 :1  c o m p o s i t i o n  b e t w e e n  t h e  l i g a n d  a n d  t h e  
m e t a l  c a t i o n s  w e r e  o b s e r v e d  i n  m e t h a n o l .  A  m o d e r a t e  s t a b l e  c o m p l e x  w a s  f o u n d  f o r  B a 2 +  
a n d  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  i n  m e t h a n o l .
F o l l o w i n g  t h e  d e t e r m i n a t i o n  o f  t h e  s t o i c h i o m e t r y  o f  c o m p l e x  f o r m a t i o n  b e t w e e n  t h e  
c a l i x  [ 5 ]  a r e n e  e s t e r  d e r i v a t i v e  w i t h  m e t a l  c a t i o n s ,  t h e  a u t h o r s  r e p o r t e d  t h e  t h e r m o d y n a m i c  
p a r a m e t e r s  o f  c o m p l e x  f o r m a t i o n .
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Thermodynamics of complexation of ethyl /?-fert-butyl-caIix[5]arene ester derivative 
with uni and bivalent metal cations in methanol and acetonitrile at 298.15 K85.
F o l l o w i n g  t h e  c o n d u c t o m e t r i c  t i t r a t i o n s ,  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  
o f  p-tert-bu tyl- c a l i x [ 5 ] a r e n e  e s t e r  w i t h  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  w e r e  r e p o r t e d  i n  
m e t h a n o l  a n d  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  T a b l e  7  s h o w s  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  
c o m p l e x a t i o n  f o r  t h e  c a l i x [ 5 ] a r e n e  e s t e r  w i t h  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  t h e s e  
s o l v e n t s  a t  2 9 8 . 1 5  I C .  F o r  t h e  i n t e r a c t i o n  o f  a l k a l i - m e t a l  c a t i o n s ,  s t a b i l i t y  c o n s t a n t s  
i n c r e a s e  i n  t h e  f o l l o w i n g  o r d e r :  L i + < N a + < C s + < I C + < R b +  i n  a c e t o n i t r i l e .  A s  f a r  a s  m e t h a n o l  
i s  c o n c e r n e d ,  t h e  s t a b i l i t y  c o n s t a n t  s h o w s  t h e  f o l l o w i n g  s e q u e n c e :  
A g + < N a + < C s + < K + < R b + . I n t e r a c t i o n  w i t h  L i +  w a s  n o t  r e p o r t e d  a s  n o  e v i d e n c e  o f  
c o m p l e x a t i o n  w a s  o b s e r v e d  b y  t h e  a u t h o r s .
A s  f o r  b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e ,  t h e  s t r e n g t h  o f  c o m p l e x a t i o n  i n c r e a s e s  a s  t h e  
s i z e  o f  t h e  c a t i o n  i n c r e a s e s .  T h e r e f o r e  a  m a x i m u m  v a l u e  f o r  t h e  s t a b i l i t y  c o n s t a n t  w a s  
r e p o r t e d  f o r  B a 2 +  a n d  a  m i n i m u m  f o r  M g 2 + .
T h e  s t a b i l i t y  c o n s t a n t  f o r  t h e  c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  a n d  B a 2 +  i n  m e t h a n o l  a t
2 9 8 . 1 5  K  i s  s h o w n  i n  T a b l e  7 .  T h e  c o m p l e x a t i o n  p r o c e s s  f o r  t h i s  m e t a l  c a t i o n  a n d  t h e  
c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  w a s  f o u n d  t o  b e  e n t h a l p i c a l l y  c o n t r o l l e d  b u t  e n t r o p i c a l l y  
u n f a v o u r e d .
F o r  m o s t  o f  t h e  m e t a l  c a t i o n s ,  t h e  c o m p l e x a t i o n  p r o c e s s e s  w e r e  e n t h a l p i c a l l y  c o n t r o l l e d  
a n d  e n t r o p i c a l l y  u n f a v o u r e d  e x c e p t  f o r  M g 2 +  a n d  A g +  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  
r e s p e c t i v e l y ,  w h e r e  t h e  c o m p l e x a t i o n  w a s  f o u n d  t o  b e  e n t r o p i c a l l y  c o n t r o l l e d  a n d  
e n t h a l p i c a l l y  f a v o u r e d  i n  t h e  c a s e  o f  M g 2 +  w h i l e  f o r  A g + , t h e  p r o c e s s  w a s  r e p o r t e d  t o  b e  
e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  f a v o u r e d .
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Table. 7 .  T h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  ( l o g  K S) A C G ° ,  A C H °  a n d  A C S ° )  f o r  t h e  
c a l i x [ 5 ] a r e n e  e s t e r  d e r i v a t i v e  a n d  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  a t
2 9 8 . 1 5  K 8 5 .
Cation IogKs ACG° ACH° ACS°
( l c J  m o f  )  ( l c J  m o l  ) ( J I C 1 m o l ' 1 )
Acetonitrile
L i + 4 . 4 7 - 2 5 . 5 - 4 0 . 0 0 - 4 9 . 0 0
N a + 5 . 1 9 - 2 9 . 6 - 4 6 . 1 0 - 5 5 . 0 0
K + 5 . 5 6 - 3 1 . 7 - 5 2 . 6 0 - 7 0 . 0 0
R b + 5 . 6 8 - 3 2 . 4 - 5 0 . 6 0 - 6 1 . 0 0
C s + 5 . 2 2 - 2 9 . 7 - 4 3 . 9 0 - 4 8 . 0 0
M g 2 + 4 . 5 7 - 2 6 . 1 6 . 7 0 1 10
C a 2 + 5 . 6 4 - 3 2 . 2 - 4 8 . 4 0 - 5 4
S r 2 + 8 . 2 6 - 4 7 . 2 - 4 9 . 8 0 - 9
B a 2 + 8 . 7 5 - 4 9 . 9 - 9 0 . 1 0 - 1 3 5
H g 2 + 5 . 2 5 - 3 0 - 2 3 . 7 0 -2 1
C d 2 + 5 . 0 6 - 2 8 . 9 0 0
P b 2 + 7 . 8 3 - 4 4 . 7 - 6 6 . 4 0 - 7 3
Methanol
L i + N o  e v i d e n c e  o f  c o m p l e x a t i o n
N a + 4 . 6 0 - 2 6 . 2 - 2 8 . 9 - 9
K + 5 . 3 3 - 3 0 . 4 - 4 3 . 3 - 4 3
R b + 5 . 6 5 - 3 2 . 2 - 4 5 . 8 - 4 5
C s + 5 . 3 2 - 3 0 . 4 - 4 3 . 5 - 4 4
A g + 4 . 3 4 - 2 4 . 8 - 2 2 .1 9
B a 2 + 4 . 4 2 - 2 5 . 2 - 3 3 . 5 - 2 8
2 .1 0 .Parent calix[6 ]arene and derivatives
T h e  / ? - f e r / - c a l i x [ 6] a r e n e  i s  t h e  p r o d u c t  o f  t h e  r e a c t i o n  o f  p - f e r F b u t y l - p h e n o l  i n  a l k a l i n e  
m e d i u m  u s i n g  K O H  a n d  f o r m a l i n e ,  f o l l o w e d  b y  t h e  d i s s o l u t i o n  i n  x y l e n e 8 6 . T h e  p a r e n t  
c a l i x [ 6] a r e n e  a n d  i t s  d e r i v a t i v e s  h a v e  a  h i g h  c o n f o r m a t i o n a l  f r e e d o m  a n d  t h e r e f o r e  i t  i s  
d i f f i c u l t  t o  i n v e s t i g a t e  t h e  c o m p l e x a t i o n  o f  c a t i o n s  w i t h  t h i s  l i g a n d  i n  o r g a n i c  s o l v e n t s 8 7 . 
C r y s t a l s  o f  p a r e n t  c a l i x [ 6 ] a r e n e  a d o p t  e i t h e r  a  “ p i n c h e d - c o n e ”  c o n f o r m a t i o n  ( F i g .  1 4 )  o r  
1 , 2 , 3 - a l t e r n a t e  c o n f o r m a t i o n .  T h e  s o l i d  s t a t e  c o n f o r m a t i o n s  o f  t h e  p a r e n t  h e x a m e r  d e p e n d  
o n  t h e  s o l v e n t  o f  c r y s t a l l i z a t i o n 8 8 . F o r  s o l v e n t s ,  s u c h  a s  b e n z e n e  ( u n a b l e  t o  u n d e r g o  
h y d r o g e n  b o n d  f o r m a t i o n ) ,  t h e  c y c l i c  h e x a m e r  w i l l  a d o p t  a  “ p i n c h e d - c o n e ”  c o n f o r m a t i o n .  
F o r  s o l v e n t s  a b l e  t o  d i s r u p t  t h e  h y d r o g e n  b o n d s  b e t w e e n  t h e  h y d r o x y l  g r o u p s  o f  t h e
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p a r e n t  c a l i x [ 6 ] a r e n e ,  t h e  l i g a n d  w i l l  a d o p t  a  1 , 2 , 3  a l t e r n a t e  “ c o n e  c o n f o r m a t i o n ” . S u c h  i s  
t h e  c a s e  o f / ? - t e r / - c a l i x [ 6] a r e n e  i n  a c e t o n e  a n d  d i m e t h y l - s u l f o x i d e .
(a) ( b )
Fig. 14. a )  T h e  / ? - t e r / - b u t y l - c a l i x [ 6]  a r e n e  a n d  b )  R e p r e s e n t a t i o n  o f  a  p -ter t-  
b u t y l - c a l i x [ 6 ] a r e n e  i n  a  “ p i n c h e d - c o n e ”  c o n f o r m a t i o n .
T h e  s i n g l e  X - r a y  c r y s t a l  s t r u c t u r e  o f  h e x a h y d r o x y - h e x a p e n t o x y - c a l i x [ 6 ] a r e n e  c r y s t a l l i z e d  
i n  a  m i x t u r e  o f  b e n z e n e / p y r i d i n e  w a s  r e p o r t e d  b y  G a e t a  a n d  c o - w o r k e r s 8 9 . T h e  X - r a y  
c r y s t a l  s t r u c t u r e  s h o w s  t h e  m a c r o c y c l e  a d o p t i n g  a  1 , 2 , 3 - a l t e r n a t e  c o n f o r m a t i o n  ( s e e  F i g .  
1 5 ) ,  f o r m i n g  s t r o n g  h y d r o g e n  b o n d s  b e t w e e n  t h e  h y d r o x y l  g r o u p s .
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F i g .  1 5 .  X - r a y  s t r u c t u r e  o f  h y d r o x y l - p e n t o x y - c a l i x [ 6 ] a r e n e  s h o w i n g  a  1 , 2 , 3 -  
a l t e m a t e  c o n f o r m a t i o n 89
O t s u k a  a n d  c o - w o r k e r s 90 p r o v i d e d  e v i d e n c e  o f  t h e  “ p a r a - s u b s t i t u e n t - t h r o u g h  t h e  a n n u l u s  
r o t a t i o n ”  e f f e c t  i n  p - t e A Y - b u t y l - c a l i x [ 6 ] a r e n e s .  B y  s u b s t i t u t i n g  t h e  h y d r o x y l s  o f  t h e  l o w e r  
r i m  b y  b u l k y  f u n c t i o n a l  g r o u p s  s u c h  a s  c h o l e s t e r y l ,  t h e  “ o x y g e n - t h r o u g h  t h e  a n n u l u s  
r o t a t i o n ”  c a n n o t  t a k e  p l a c e  d u e  t o  s t e r i c  e f f e c t s .  T h e  * H  N M R  o f  t h e  c a l i x [ 6 ] a r e n e  
c h o l e s t e r y l  d e r i v a t i v e  a t  3 0  ° C  i n  C D 3C 1 ,  s h o w s  t h a t  t h e  m a c r o c y c l e  a d o p t s  a  “ 1 , 2 , 3 -  
a l t e m a t e ”  c o n f o r m a t i o n .  B y  i n c r e a s i n g  t h e  t e m p e r a u t u r e  a t  1 3 0  ° C ,  t h e r e  i s  a  c h a n g e  i n  
t h e  s i g n a l s  o f  t h e  m e t h y l e n e  b r i d g e  p r o t o n s .  T h e  c h e m i c a l  s h i f t s  w e r e  a s s i g n e d  t o  t h e  
“ p a r a - s u b s t i t u e n t - t h r o u g h  t h e  a n n u l u s  r o t a t i o n ”  e f f e c t  a s  t h e r e  w a s  n o  c h a n c e  f o r  t h e  
“ o x y g e n - t h r o u g h  t h e  a n n u l u s  r o t a t i o n ”  t o  t a k e  p l a c e .  T h e r e f o r e  i t  w a s  c o n c l u d e d  t h a t  i n  
o r d e r  t o  i m m o b i l i z e  a  c a l i x [ 6 ] a r e n e ,  t h e  p -te r t - b u t y l  g r o u p  i n  t h e  u p p e r  r i m  s h o u l d  b e  
r e p l a c e d  b y  f u n c t i o n a l  g r o u p s  l a r g e  e n o u g h  t o  a v o i d  t h i s  e f f e c t .
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terf-butyl-through the annulus rotation
Oxygen-through the annulus rotation
Fig. 16. E f f e c t s  o f  o x y g e n  a n d  t e r f - b u t y l - t h r o u g h  t h e  a n n u l u s  r o t a t i o n .
T e m p e r a t u r e - d e p e n d a n t  ' H  N M R  s t u d i e s  o f  h e x a - 0 - m e t h y l  p -te r t - b u t y l  c a l i x [ 6] a r e n e  
s h o w e d  a  p a t t e r n  o f  s h a r p  s i n g l e t s  e v e n  a t  l o w  t e m p e r a t u r e s  ( - 6 0  ° C ) ,  s u g g e s t i n g  t h a t  
t h e r e  i s  s t i l l  c o n f o r m a t i o n a l  m o b i l i t y 8 7 . C o n f o r m a t i o n a l  i m m o b i l i z a t i o n  o f  t h e  
c a l i x [ 6] a r e n e  t h r o u g h  s e l e c t i v e  b r i d g i n g  o f  t h e  u p p e r  a n d  l o w e r  r i m  h a s  b e e n  c a r r i e d  o u t  
i n  o r d e r  t o  m a x i m i z e  t h e  s e l e c t i v e  b e h a v i o r  o f  t h i s  m a c r o c y c l e .  T h u s  L i u  a n d  c o -  
w o r k e r s 91 i n v e s t i g a t e d  t h e  i m m o b i l i z a t i o n  o f  t h i s  l i g a n d  b y  s e l e c t i v e  f o r m y l a t i o n  o f  t h e
l , 3 , 5 - t r i - p - f e r / - b u t y l c a l i x [ 6 ] a r e n e  a t  t h e  l o w e r  r i m  u s i n g  1 , 3 - b r i d g e d  c h a i n s  a n d  1 , 3 , 5 -  
t r i p o d  b r i d g e s  ( s e e  F i g .  1 7 ) .  T h e  r e s u l t s  w e r e  c o n f i r m e d  b y  ! H  N M R  a n d  X - r a y  
c r y s t a l l o g r a p h y ,  s h o w i n g  t h a t  t h e s e  m o d i f i c a t i o n s  e n a b l e  t h e s e  m a c r o c y c l e  t o  a d o p t  a  
“ c o n e  c o n f o r m a t i o n ” .
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F i g .  1 7 .  S e l e c t i v e  f o r m y l a t i o n  o f  l o w e r  r i m  1 , 3 , 5 - t r i - p - t e r / - b u t y l - c a l i x [ 6 ] a r e n e .
U n g a r o  a n d  c o - w o r k e r s 92 r e p o r t e d  a  “ c o n e ”  c o n f o r m a t i o n  f o r  p a r t i a l l y  s u b s t i t u t e d  t r i ­
a m i d e s  a n d  t r i - e s t e r s  ( s e e  F i g .  1 8 ) .  T h e  ] H  N M R  s p e c t r u m  f o r  b o t h  m a c r o c y c l e s  i n  C D 3C 1  
r e m a i n  u n c h a n g e d  b e t w e e n  ± 7 0  ° C  a d o p t i n g  a  “ f l a t t e n e d - c o n e ”  c o n f o r m a t i o n .  B o t h  
l i g a n d s  s h o w e d  n o  e f f e c t i v e  c o m p l e x i n g  a b i l i t i e s  t o w a r d s  m e t a l  c a t i o n s  ( a s  p i c r a t e s )  i n  
C D C 1 3 , a l t h o u g h  t h e  t r i - a m i d e  s h o w e d  t h e  f o r m a t i o n  o f  a  s t r o n g  c o m p l e x  w i t h  g u a n i d i u m  
i o n s  ( l o g  K a s s  >  7 )  i n  C D C 1 3 . I t  m u s t  b e  s t a t e d  t h a t  t h i s  o b s e r v a t i o n  i s  n o t  i n d i c a t i v e  o f  t h e  
l a c k  o f  c o m p l e x a t i o n  o f  t h e s e  l i g a n d s  w i t h  m e t a l  c a t i o n s  d u e  t o  t h e  u n s u i t a b l e  m e d i u m  
c h o s e n  f o r  c o m p l e x a t i o n .  I n  a  s o l v e n t  l i k e  C D 3C 1  i t  i s  m o s t  l i k e l y  t h a t  t h e s e  s a l t s  a r e  
h e a v i l y  a s s o c i a t e d .
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(a) (b)
Fig. 18. ( a )  p - t e / Y - b u t y l - c a l i x [ 6] a r e n e  t r i - a c e t a m i d e  a n d  ( b )  p -te r t- b u t y l -
c a l i x [ 6] a r e n e  t r i - e s t e r .
C o n f o r m a t i o n a l  i m m o b i l i z a t i o n  o f  p - t e r / - b u t y l - c a l i x [ 6 ]  a r e n e  d e r i v a t i v e s  c a n  a l s o  b e  
a c h i e v e d  b y  c a t i o n  i n t e r a c t i o n .  T h u s  c o m p l e x e s  o f  p - t e r t - b u t y l - c a l i x [ 6 ] a r e n e  e s t e r s  w i t h  
t h e  p o t a s s i u m  c a t i o n  s h o w  a  “ d i s t o r t e d - c o n e ”  c o n f o r m a t i o n  i n  C D 3C I  a t  2 9 8  K .  T h e
1 , 2 , 4 , 5 - p h e n y l  u n i t  i n t e r a c t s  s t r o n g l y  w i t h  t h e  p o t a s s i u m  c a t i o n  ( m o r e  “ f l a t t e n e d ” )  w h i l e  
t h e  3 - 6 - p h e n y l  u n i t  i n t e r a c t s  w e a k l y  w i t h  t h i s  c a t i o n  a n d  t h e r e f o r e  t h e  p h e n y l  u n i t s  a d o p t  
a  m o r e  “ p a r a l l e l ”  p o s i t i o n  t o w a r d s  e a c h  o t h e r .  T h e  i n t e r a c t i o n  o f  t h i s  m a c r o c y c l e  w i t h  
C s +  i n  C D C I 3 s h o w s  a  r e g u l a r  “ c o n e ”  c o n f o r m a t i o n  a t  3 0  ° C  w h i l e  a t  - 3 0  ° C ,  N M R  
d a t a  i n  t h e  s a m e  s o l v e n t ,  s u g g e s t  t h a t  t h r e e  a l t e r n a t e  p h e n y l  u n i t s  a r e  f l a t t e n e d  a n d  
i n t e r a c t  s t r o n g l y  w i t h  t h e  c a e s i u m  c a t i o n ,  w h i l e  t h e  o t h e r  t h r e e  p h e n y l  u n i t s  i n t e r a c t  
w e a k l y  a d o p t i n g  a  m o r e  p a r a l l e l  p o s i t i o n  t o w a r d s  e a c h  o t h e r 8 7 .
C a l i x [ 6 ] a r e n e - t r i s - c a r b o x y l i c  a c i d  d e r i v a t i v e s  h a v e  t h e  a b i l i t y  t o  i n c l u d e  a m m o n i u m  i o n s  
i n  a  w e l l  d e f i n e d  “ c o n e ”  c o n f o r m a t i o n  b y  t h e  i n t e r a c t i o n  o f  t h e  c a r b o x y l a t e  g r o u p s  w i t h  
t h e  a m m o n i u m  i o n s 9 3 . T h e r m o d y n a m i c s  o f  p - s u l f o n a t e - c a l i x [ 6] a r e n e  c o m p l e x e s  w i t h  
a m m o n i u m  i o n s  ( a c e t y l c h o l i n e  ( A c h ) ,  b e n z y l t r i m e t h y l a m m o n i u m  ( B T M A ) ,  c a r n i t i n e  
( C a i r n )  a n d  b e t a i n e  ( B e t a ) )  w e r e  s t u d i e d  b y  W a n g  a n d  c o - w o r k e r s 94 i n  a n  a q u e o u s  
p h o s p h a t e  b u f f e r  s o l u t i o n  ( p H =  7 . 2 )  a t  2 9 8 . 1 5  K .  F o r m a t i o n  o f  1 : 1  ( h o s t  : g u e s t )  
c o m p l e x e s  w a s  o b s e r v e d  i n  a l l  c a s e s .  T h e  s t a b i l i t y  c o n s t a n t s  f o r  t h e s e  c o m p l e x e s  w e r e  
f o u n d  t o  b e  r e l a t i v e l y  w e a k  ( l o g  I C S =  3 . 7 ,  3 . 6 ,  2 . 7  a n d  2 . 4  f o r  A c h ,  B T M A ,  C a r n  a n d  B e t a  
r e s p e c t i v e l y )  a n d  l o w e r  t o  t h e  o n e s  f o u n d  f o r  t h e  p - s u i f o n a t e - c a l i x [ 4 ] a r e n e  i n  a n  a q u e o u s
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p h o s p h a t e  s o l u t i o n  a t  2 9 8 . 1 5  K  ( l o g  K s =  4 . 1 ,  4 . 1 ,  2 . 8  a n d  2 . 6  f o r  A c h ,  B T M A ,  C a r n  a n d  
B e t a  r e s p e c t i v e l y ) .  F o r  c o m p l e x a t i o n  p r o c e s s e s  i n v o l v i n g  a m m o n i u m  i o n s ,  i t  w a s  
e s t a b l i s h e d  t h a t  t h e s e  p r o c e s s e s  a r e  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  u n f a v o u r e d .  
E n t h a l p y  c h a n g e s  f o u n d  f o r  t h e  / / - s u l f o n a t e - c a l i x [ 6] a r e n e  a r e  m o r e  f a v o u r a b l e  t h a n  t h o s e  
f o u n d  f o r  t h e  / / - s u l f o n a t e - c a l i x  [ 4 ]  a r e n e ,  w h i l e  t h e  e n t r o p i e s  f o r  t h e  f o r m e r  a r e  m o r e  
u n f a v o u r a b l e  t h a n  t h o s e  f o u n d  f o r  t h e  l a t t e r .  T h i s  w a s  a t t r i b u t e d  t o  t h e  l o s s  o f  
c o n f o r m a t i o n a l  f r e e d o m  t h a t  t h e  / ? - s u l f o n a t e - c a l i x [ 6 ] a r e n e  s u f f e r s  u p o n  i n t e r a c t i o n  w i t h  
t h e  g u e s t  s p e c i e .  T h e r e f o r e  t h e  l a r g e  e n t h a l p i c  g a i n  o f  t h e  c y c l i c  h e x a m e r  w a s  f o u n d  t o  b e  
p a r t i a l l y  c a n c e l e d  b y  t h e  h i g h  e n t r o p y  l o s s ,  r e s u l t i n g  i n  a  l o w e r  s t a b i l i t y  c o n s t a n t  t h a n  t h a t  
f o r  t h e  / / - s u l f o n a t e - c a l i x [ 4 ] a r e n e .
A  c o m p a r a t i v e  s t u d y  o n  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  1 8 - c r o w n - 6 ,  
e t h y l  / ? - t e r / - b u t y l - c a l i x [ 6 ] h e x a n o a t e  ( E t C a l i x ( 6) )  a n d  c r y p t a n d  2 2 2  ( C r y  2 2 2 )  w i t h  a l k a l i  
m e t a l  c a t i o n s  i n  b e n z o n i t r i l e  a t  2 9 8 . 1 5  K  w a s  r e p o r t e d  b y  D a n i l  d e  N a m o r  a n d  c o ­
w o r k e r s 9 5 . D a t a  a r e  s h o w n  i n  T a b l e  8 . C a t i o n  i n t e r a c t i o n s  w i t h  t h e s e  l i g a n d s  f o l l o w  t h e  
s e q u e n c e ,
C r y  2 2 2  >  E t C a l i x ( 6 )  >  1 8 - c r o w n - 6 .
T h e s e  m a c r o c y c l e s  s h o w  a  p e a k  s e l e c t i v i t y  f o r  t h e  K +  i o n .  T h e  t r e n d  s h o w n  i n  t e r m s  o f  
s t a b i l i t y  c o n s t a n t s  f o r  t h e  t h r e e  m a c r o c y c l e s  w i t h  a l k a l i - m e t a l  c a t i o n s  w e r e  f o u n d  t o  b e  
s i m i l a r .  T h u s  a  s e l e c t i v i t y  i n c r e a s e  f r o m  L i +  t o  I C +  f o l l o w e d  b y  a  d e c r e a s e  f r o m  R b +  t o  
C s +  w a s  o b s e r v e d .  T h e  h i g h  s e l e c t i v i t y  o f  c r y p t a n d  2 2 2  w a s  a t t r i b u t e d  t o  t h e  h i g h  r i g i d i t y  
o f  t h i s  l i g a n d  a s  c o m p a r e d  t o  t h o s e  i n v o l v i n g  t h e  c a l i x a r e n e  d e r i v a t i v e  o r  t h e  c r o w n  e t h e r .
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Table. 8 . S t a b i l i t y  c o n s t a n t s  ( l o g  K s), d e r i v e d  s t a n d a r d  G i b b s  e n e r g i e s ,  e n t h a l p i e s  a n d  
e n t r o p i e s  o f  c o m p l e x a t i o n  o f  1 8 - c r o w n - 6 ,  E t C a l i x ( 6) ,  a n d  C r y  2 2 2  w i t h  a l k a l i -  
m e t a l  c a t i o n s  i n  b e n z o n i t r i l e  a t  2 9 8 . 1 5  K 9 5 .
log K s A C G °  A C H °  
( l c J  m o l " 1 )  ( l c J  m o l " 1 )
A C S °  
( J . I C 1 m o l " 1 )
18-crown-6
L i + 4 . 7 4 - 2 7 . 0 6 - 3 8 . 4 8 - 3 8 . 3 0
N a + 4 . 8 9 - 2 7 . 9 1 - 4 0 . 6 1 - 4 2 . 6 0
I C + 6 .1 1 - 3 4 . 8 8 - 5 4 . 7 0 - 6 6 . 5 0
g
+
i
5 . 8 4 - 3 3 . 3 4 - 5 0 . 0 7 - 5 6 . 1 0
EtCalix(6 )
L i + 4 . 3 7 - 2 4 . 9 5 - 2 1 . 0 4 1 3 . 1 0
N a + 5 . 3 1 - 3 0 . 3 1 - 2 9 . 1 7 3 . 8 0
K + 6 . 1 4 - 3 5 . 0 5 - 4 7 . 6 8 - 4 2 . 4 0
R b + 4 . 7 7 - 2 7 . 2 3 - 2 9 . 6 6 - 8.20
C r y  222
L i + 8.66 - 4 9 . 4 3 - 4 7 . 0 3 8.00
N a + 1 1 . 4 0 - 6 5 . 0 8 - 6 6 .11 - 3 . 4 0
K + 1 3 . 0 6 - 7 4 . 5 5 - 7 9 . 5 4 - 1 6 . 7 0
R b + 11.0 0 - 6 2 . 7 9 - 7 4 . 2 2 - 3 8 . 3 0
C s + 6 . 5 9 - 3 7 . 6 2 - 4 9 . 7 0 - 4 0 . 5 0
G i v e n  t h a t  t h i s  t h e s i s  i s  m e r e l y  c o n c e r n e d  w i t h  c a t i o n  c o m p l e x a t i o n  p r o c e s s e s  
i n v o l v i n g  c a l i x [ n ] a r e n e  ( n = 4 ,  5  a n d  6 )  a m i d e  d e r i v a t i v e s ,  p r e v i o u s  i n v e s t i g a t i o n s  o n  
t h e s e  l i g a n d s  a r e  n o w  d i s c u s s e d .
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3. The p-te//-biityl~calix[n]arenes acetamide derivatives
3.1. The 5,11,17,23-fe/r«-(l,l-dimethyIetliyl)-25,26,27,28-fe/ra-{N,N-diethylamide)- 
ethoxy-ca!ix[4]arene; (p-fe/tf-butyl-calix[4]arene-acetamide), L l.
Fig. 19. S t r a c t u r e  a n d  n u m b e r i n g  o f  5 , 1 1 , 1 7 , 2 3 - t e t r a - ( l , 1  - d i m e t h y l e t h y l ) -  
2 5 , 2 6 , 2 7 , 2 8 - t e t r a - { N , N - d i e t h y l a m i d e ) - e t h o x y - c a l i x [ 4 ] a r e n e ;  L l
T h e  s y n t h e s i s  o f  L l ( F i g .  1 9 )  f r o m  p - / e r / - b u t y l c a l i x [ 4 ] a r e n e  a n d  2 - c h l o r o - N , N -  
d i e t h y l a c e t a m i d e  u s i n g  s o d i u m  h y d r i d e  a s  t h e  b a s e  w a s  r e p o r t e d  b y  A r d u i n i  e t a l96 a l o n g  
w i t h  t h e  X - r a y  s t r u c t u r e  o f  t h e  f r e e  l i g a n d  a n d  i t s  c o m p l e x  w i t h  t h e  p o t a s s i u m  c a t i o n .  
F u r t h e r  w o r k  w a s  c a r r i e d  o u t  b y  A r n a u d - N e u  a n d  c o - w o r k e r s 97 o n  L l i n  a n  a t t e m p t  t o  
e s t a b l i s h  t h e  t h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  L l w i t h  a l k a l i - m e t a l  c a t i o n s  ( L i + , N a + , 
K + , R b +  a n d  C s + )  a n d  t h e  s i l v e r  c a t i o n ,  A g + , i n  m e t h a n o l  a n d  a c e t o n i t r i l e . A s  f a r  a s  
b i v a l e n t  m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  o n l y  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  ( C a 2 + , S r 2 +  a n d  
B a 2 + )  w e r e  i n v e s t i g a t e d  i n  m e t h a n o l .  P o t e n t i o m e t r y ,  U V  s p e c t r o p h o t o m e t r y  a n d  t i t r a t i o n  
c a l o r i m e t r y  w e r e  t h e  a n a l y t i c a l  t e c h n i q u e s  u s e d .  A c c o r d i n g  t o  A r n a u d - N e u  a n d  c o ­
w o r k e r s 9 7 , a m o n g  t h e  a l k a l i  m e t a l  c a t i o n s ,  L l s h o w s  t h e  h i g h e s t  s t a b i l i t y  w i t h  t h e  N a +  
c a t i o n  i n  M e O H .  I n  a c e t o n i t r i l e ,  a c c u r a t e  s t a b i l i t y  c o n s t a n t  v a l u e s  w e r e  n o t  r e p o r t e d  ( l o g  
I C S >  8 . 5  f o r  L i + , N a +  a n d  K + ) .  A l s o  A r n a u d - N e u  r e p o r t e d  t h a t  i n  M e O H ,  t h e  p r o c e s s  o f  
c o m p l e x a t i o n  b e t w e e n  L l a n d  a l k a l i  m e t a l  c a t i o n s  i s  e n t h a l p y  c o n t r o l l e d  e x c e p t  f o r  L i +
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w h i c h  i s  e n t r o p y  c o n t r o l l e d .  T h e  t h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  LI w i t h  l a n t h a n i d e  
m e t a l  c a t i o n s 98 a s  w e l l  a s  t h e  X - r a y  s t r u c t u r e  o f  LI i n  N , N - d i m e t h y l f o r m a m i d e  a s  t h e  
s o l v e n t  h a v e  b e e n  r e p o r t e d 9 9 . T h e  a c t i v e  s i t e s  o f  i n t e r a c t i o n  o f  t h i s  l i g a n d  w i t h  
l a n t h a n i d e s  i n  a c e t o n i t r i l e  w e r e  a t t r i b u t e d  t o  t h e  e t h e r e a l  a n d  c a r b o n y l  o x y g e n  d o n o r  
a t o m s  I t  w a s  s h o w n  t h a t  t h e  c a l i x [ 4 ] a r e n e  a m i d e  d e r i v a t i v e  w a s  a b l e  t o  r e c o g n i z e  
s e l e c t i v e l y  t h e s e  c a t i o n s  d e s p i t e  t h e i r  r e d u c e d  i o n i c  r a d i i .  T a b l e  9  l i s t s  t h e  
t h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  LI a n d  a l k a l i  a n d  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  i n  
m e t h a n o l  ( M e O H )  a n d  a c e t o n i t r i l e  ( M e C N )  a t  2 9 8  I C  r e p o r t e d  i n  t h e  l i t e r a t u r e 9 7 . D a t a  f o r  
l a n t h a n i d e s  a r e  s h o w n  i n  T a b l e  1 0 .
Table. 9. T h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  L I  w i t h  a l k a l i - m e t a l  c o m p l e x e s  
a n d  a l k a l i n e - e a r t h  m e t a l  c a t i o n s  i n  M e O H  a n d  M e C N  a t  2 9 8 . 1 5  K 9 7 .
Cation l o g K s ACG° / kJ mol' 1 ACH° / kJ m ol1 ACS° / J  m o r tc 1
L i + 4 . 1  ( 3 . 9 ) a
Methanol (MeOH)
- 2 2 . 2 b  - 7 5 0
N a + 7 . 9 b - 4 5 . 0 - 5 0 . 6 -20
K + 5 . 8 b - 3 3 . 1 - 4 2 . 4 - 3 1
R b + 3 . 8  ( 3 . 8 ) a - 2 1 .6  b - 1 7 . 5 1 3
C s + 2 . 5  ( 2 . 4 ) a - 1 4 ± l b - 9 1 7
C a 2 + > 9 > - 5 1 . 3 - 2 5 . 0 > 88.2
S r 2 + > 9 > - 5 1 . 3 - 10.0 > 1 3 8 . 6
B a 2 + 7 . 2 - 4 1 . 0 2 . 5 1 4 4
L i + > 8 . 5
Acetonitrile (MeCN)
> - 4 8 . 4  - 5 5 > -2 2
N a + > 8 . 5 > - 4 8 . 4 - 7 9 > - 1 0 3
I C + > 8 . 5 > - 4 8 . 4 - 6 4 > - 5 2
R b + 5 . 7 b - 3 2 . 5 - 3 7 . 2 - 1 7
C s + 3 . 5 b - 1 9 . 9 - 2 6 -20
a S p e c t r o p h o t o m e t r i c  d e t e r m i n a t i o n ;  b P o t e n t i o m e t r i c  d e t e r m i n a t i o n .
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Table. 10. T h e r m o d y n a m i c  d a t a  f o r  t h e  c o m p l e x a t i o n  p r o c e s s  b e t w e e n  L l a n d  l a n t h a n i d e  
c a t i o n s  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K  d e r i v e d  f r o m  t i t r a t i o n  m i c r o c a l o r i m e t r y  a n d  
p o t e n t i o m e t r y E , T O , !  B o o k , n a r k  n o t  d e f , , l c d \
l o g K s a A C G °  
( l c J  m o l ' 1 )
A C H °  
( l c J  m o l " 1 )
A C S °  
( J . I C 1 m o l " 1)
Y  ( H I ) 4 . 8 8 - 2 7 . 8 - 1 0 . 7 5 7
S c  ( I I I ) 4 . 5 9 - 2 6 . 1 - 3 6 . 2 - 3 3
L a  ( I I I ) 4 . 7 0 - 2 6 . 8 - 1 4 7 . 1 - 4 0 3
P r  ( I I I ) 5 . 0 5 - 2 8 . 8 - 4 3 . 4 - 4 8
N d  ( I I I ) 5 . 7 2 - 3 2 . 6 - 5 1 . 8 - 6 4
E u  ( I I I ) 5 . 7 5 - 3 3 . 6 - 8 9 . 7 - 1 9 1
G d  ( I I I ) 6 .12 - 3 4 . 9 - 7 7 . 9 - 1 4 4
T b  ( I I I ) 5 . 9 4 - 3 3 . 9 - 9 1 . 2 - 1 9 2
H o  ( I I I ) 5 . 6 9 - 3 2 . 4 - 1 4 0 . 7 - 3 6 3
E r  ( I I I ) 5 . 6 6 - 3 2 . 3 - 9 8 . 2 -220
Y b  ( I I I ) 4 . 8 8 - 2 6 . 8 - 200.6 - 5 8 3
a  A v e r a g e  o f  l o g  K s v a l u e s  o b t a i n e d  f r o m  p o t e n t i o m e t r i c  a n d  m i c r o c a l o r i m e t r i c  t i t r a t i o n s .
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3.2. The 5,ll,17,23,29-/?-fe/Y-Z>«fy/-3I,32,33,34,35-pentadiethylacetamide 
calix[5] arene L2
t-but
R=CH2CON(CH2CH3)2
Fig. 20. T h e  5 , 1 1 , 1 1 ,23 ,29-p~ter t-butyl-3 1 , 3 2 , 3 3 , 3 4 , 3 5 - p e n t a d i e t h y l a c e t a m i d e
c a l i x [ 5 ]  a r e n e  d e r i v a t i v e ,  L2
T h e  s y n t h e s i s ,  t h e  c h a r a c t e r i z a t i o n  a n d  c o m p l e x a t i o n  s t u d i e s  o f  L2 ( F i g .  2 0 )  w i t h  m o n o  
a n d  b i v a l e n t  m e t a l  c a t i o n s  w e r e  p e r f o r m e d  b y  t h e  T h e r m o c h e m i s t r y  G r o u p 6 9 , 
F u n c t i o n a l i z a t i o n  o f  / ? - / e r f - b u t y l - c a l i x [ 5 ] a r e n e  w a s  c a r r i e d  o u t  u s i n g  N , N -  
d i e t h y l a c e t a m i d e ,  K 2C O 3, a c e t o n i t r i l e  a s  t h e  s o l v e n t  a n d  1 8 - c r o w n - 6  a s  a  p h a s e  t r a n s f e r  
c a t a l y s t 1 1 4 , y i e l d i n g  8 2  %  o f  L2 a s  w h i t e  c r y s t a l s .
C h a r a c t e r i z a t i o n  w a s  c a r r i e d  o u t  u s i n g  ! H  N M R  a n d  1 3 C  N M R  i n  C D C I 3 a t  2 9 8  K .  : H  
N M R  s h o w e d  a  s i n g l e t  f o r  t h e  a r o m a t i c  p r o t o n  ( 6 . 9  p p m ) ,  a  p a i r  o f  d o u b l e t s  f o r  t h e  a x i a l  
a n d  e q u a t o r i a l  p r o t o n s  ( 4 . 9 9  a n d  3 . 3 2  p p m  r e s p e c t i v e l y ) ,  a  s i n g l e t  c o r r e s p o n d i n g  t o  t h e  
t e r t - b u t y l  g r o u p  ( 1 . 0 2  p p m ) ,  a  s i n g l e t  ( 4 . 7 5  p p m )  f o r  t h e  e t h e r e a l  p r o t o n  a n d  t w o  
m u l t i p l e t s  f o r  t h e  N C H 2 a n d  C H 3 p r o t o n s  ( 3 . 4 0  p p m  a n d  1 . 1 1  p p m  r e s p e c t i v e l y ) .  T h e  
d i f f e r e n c e  i n  t h e  c h e m i c a l  s h i f t s  b e t w e e n  t h e  a x i a l  a n d  e q u a t o r i a l  p r o t o n s  ( A 8a x - e q  =  1 .66 
p p m )  s h o w e d  t h a t  L 2  w a s  i n  a  d i s t o r t e d  “ c o n e ”  c o n f o r m a t i o n .  T h e  1 3 C  N M R  s p e c t r u m  
s h o w e d  t h e  f o u r  c a r b o n s  o f  t h e  a r o m a t i c  p r o t o n s  ( 1 5 3 . 4  p p m ,  /z-Ar-OH ; 1 4 4 . 8  p p m ,  o- 
Ar ; 1 3 3 . 2  p p m ,  p -Ar; 1 2 5 . 7  p p m ,  m-Ar), a  s i g n a l  f o r  t h e  c a r b o n  b e t w e e n  t h e  e t h e r e a l
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a n d  c a r b o n y l  g r o u p  ( 7 2 . 4  p p m ) ,  a  s i g n a l  f o r  t h e  c a r b o n y l  ( 1 6 8  p p m ) ,  t w o  s e t s  o f  s i g n a l s  
f o r  t h e  N C H 2C H 3 ( 4 1 . 3  a n d  3 9 . 8  p p m ) ,  t w o  s e t s  o f  s i g n a l s  f o r  t h e  N C H 2C H 3 ( 1 4 . 3  a n d
1 3 . 0 2  p p m ) ,  o n e  s i g n a l  f o r  t h e  m e t h y l e n e  ( 3 3 . 9  p p m ) ,  a n d  t w o  s e t  o f  s i g n a l s  f o r  t h e  tert- 
butyl c a r b o n s  ( 3 1 . 2  a n d  3 3 . 2  p p m ) .
T h e  s o l u b i l i t y  o f  L 2  i n  v a r i o u s  s o l v e n t s  w a s  i n v e s t i g a t e d  a n d  t h e  s t a n d a r d  G i b b s  e n e r g i e s  
o f  s o l u t i o n  a n d  t r a n s f e r  f r o m  a c e t o n i t r i l e  t o  o t h e r  s o l v e n t s  w e r e  a s s e s s e d  ( s e e  T a b l e  1 1 ) .
Table. 11. Solubility, standard Gibbs energy of solution and transfer of L2 from 
acetonitrile to other solvents at 298.15 K85
Solvent3 Solubility
mol.dm ' 3
ASG°
kJ.m ol1
AtG° (MeCN->s) 
kJ.m ol1
DMF
L2
PC 2.6  x  10 '3 1 4 . 8 1 .1
n-Hex 4 . 3  x  i c r 4 1 9 . 4 5 . 7
MeCN 4 . 1  x  1 0 ‘3 1 3 . 7 0
Tol 2.8  x  10 '2 9 . 1 - 4 . 6
EtOH 3 . 3  x  1 0 ‘3 1 6 . 6 2 . 9
MeOH 2 . 7  x  l O '3 1 4 . 8 1 .1
DMSO ----------- — —
“ A b b r e v i a t i o n s  f o r  s o l v e n t s :  N , N - d i m e t h y l f o r m a m i d e  ( D M F ) ,  h e x a n e  ( n - H e x ) ,
a c e t o n i t r i l e  ( M e C N ) ,  t o l u e n e  ( T o l ) ,  e t h a n o l  ( E t O H ) ,  m e t h a n o l  ( M e O H ) ,  
d i m e t h y l s u l f o x i d e  ( D M S O )
T h e  s o l u b i l i t y  f o r  L 2  s h o w s  t h e  f o l l o w i n g  s e q u e n c e :
T o l  >  M e C N  >  E t O H  >  M e O H  = P C  >  n - H e x
T h e  c o n f o r m a t i o n a l  c h a n g e s  t h a t  L2 u n d e r g o e s  i n  t h e  v a r i o u s  s o l v e n t s  w e r e  a s s e s s e d  
f r o m  t h e  d i f f e r e n c e  i n  t h e  c h e m i c a l  s h i f t s  b e t w e e n  t h e  a x i a l  a n d  e q u a t o r i a l  p r o t o n s  o f  t h e
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m e t h y l e n e  b r i d g e .  T h u s  A 5 a x - e q  v a l u e s  w e r e  1 . 6 7 ,  1 . 7 8  a n d  1 . 5 4  p p m  i n  C D 3C I ,  C D 3C N  
a n d  C D 3O D  r e s p e c t i v e l y .  T h e s e  A 8 a x - e q  v a l u e s  i n d i c a t e  t h a t  i n  t h e s e  s o l v e n t s ,  L2 a d o p t s  a  
d i s t o r t e d  “ c o n e ”  c o n f o r m a t i o n  w h e r e  t h e  p h e n y l  m o i e t i e s  a r e  p a r a l l e l  b e t w e e n  e a c h  o t h e r .
Table. 12. * H  N M R  f o r  L2 i n  d i f f e r e n t  s o l v e n t s
H-1
A 8 a x - e a  (ppm) for L2
Y v . H-2
P r o t o n CDCl3a CD3CNa 1 CD3ODa
r J l  I H-3
H - 1 1.02 1 . 1 4 1 . 0 3
H - 2 6 . 9 7 . 1 4 6 . 9 5
X xO N H-7
H-3 4.99 5.05 4.85
H-4 3.32 3.27 3.31
k H - 5 4 . 7 5 4 . 8 5 4 . 7 3
H -6 3 . 4 0 3 . 3 8 3 . 4 2
H - 7 1 . 1 1 1 . 1 8 1 . 1 4
a S o l v e n t  a b b r e v i a t i o n :  C D C I 3, d e u t e r a t e d  c h l o r o f o r m ;  C D 3C N ,  d e u t e r a t e d  a c e t o n i t r i l e ;  
C D 3O D ,  d e u t e r a t e d  m e t h a n o l .
C h e m i c a l  s h i f t  c h a n g e s  f o r  L2 u p o n  t h e  a d d i t i o n  o f  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  
C D 3C N  a n d  C D 3O D  ( T a b l e  1 3 )  s h o w e d  i n t e r a c t i o n  o f  t h i s  l i g a n d  w i t h  m o n o v a l e n t  
( a l k a l i - m e t a l  a n d  s i l v e r  c a t i o n s )  a n d  b i v a l e n t  ( a l k a l i n e - e a r t h ,  t r a n s i t i o n  a n d  h e a v y  m e t a l  
c a t i o n s )  a t  2 9 8  K  ( T a b l e  1 3 ) .  T h e  p r e d o m i n a n t  c o n f o r m a t i o n  f o r  L2 i n  C D 3C N  u p o n  
c o m p l e x a t i o n  w i t h  a l k a l i  m e t a l  c a t i o n s  w a s  r e p o r t e d  t o  b e  a  “ c o n e ”  c o n f o r m a t i o n ,  w h i l e  
f o r  t h e  b i v a l e n t  m e t a l  c a t i o n s  t h e  m a c r o c y c l e  s h o w e d  a  “ f l a t t e n e d ”  c o n e  c o n f o r m a t i o n .
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Table. 13. ! H  N M R  c h e m i c a l  s h i f t  c h a n g e s  ( A 8 p p m )  f o r  L2 u p o n  a d d i t i o n  o f  u n i  a n d  
b i v a l e n t  m e t a l  c a t i o n s  ( a s  p e r c h l o r a t e s )  i n  m e t h a n o l  a n d  a c e t o n i t r i l e  a t  2 9 8  K .
Metal cation L2 (CD3OD)
A5/ppm
H-l H-2 H-3 H-4 H-5 H-6 H-6' H-7
Li+ 0.11 0.32 -0.44 overlap -0.02 0.11 -0.11 0.08
Na+ 0.11 0.38 -0.51 overlap 0.08 0.13 -0.13 0.07
K+ 0.03 0.12 -0.60 overlap 0.04 0.03 -0.03 0.07
Rb+ 0.01 0.12 -0.10 overlap 0.03 0.03 -0.05 0.07
Cs+ 0.01 0.12 -0.21 overlap 0.01 0.05 -0.04 0.04
Ag+ 0.09 0.40 -0.26 overlap 0.05 0.04 -0.14 0.09
Mg2+ 0.08 0.25 -0.26 overlap 0.26 -0.05 0.12 0.07
Ca2+ 0.08 0.25 -0.26 overlap 0.26 -0.05 0.12 0.07
Sr2+ 0.11 0.36 -0.36 overlap 0.15 -0.07 0.16 0.05
Ba2+ 0.19 0.58 -0.52 overlap 0.30 -0.09 0.11 0.05
Pb2+ 0.13 0.34 -0.44 overlap 0.29 -0.03 0.15 0.09
Zn2+ 0.07 0.23 overlap 0.24 overlap -0.06 0.08 0.08
Cd2+ 0.10 0.30 -0.42 overlap 0.19 -0.05 0.05 0.07
Hg2+ 0.07 0.31 -0.38 overlap 0.23 -0.06 0.12 0.08
L2 (CD3CN)
A5/ppm
H-l H-2 H-3 H-4 H-5 H-6 H-6' H-7
Li+ 0.01 0.18 -0.85 0.15 -0.28 0.09 -0.20 -0.03
Na+ 0.02 0.26 -0.78 0.17 -0.34 0.06 -0.23 0.03
K+ -0.09 -0.06 -0.37 0.09 -0.16 0.11 -0.14 -0.02
Rb+ -0.11 -0.07 -0.41 0.11 -0.18 0.01 -0.13 -0.02
Cs+ -0.08 -0.02 -0.47 0.11 -0.21 0.02 -0.13 -0.02
Ag+ 0.01 0.20 -0.82 0.26 -0.10 0.07 -0.19 0.08
Mg2+ -0.08 -0.04 -0.77 0.20 -0.08 0.05 -0.12 0.01
Ca2+ 0.02 0.18 -0.65 0.22 -0.09 0.05 -0.14 0.01
Sr2+ 0.04 0.24 -0.65 0.21 -0.09 0.04 -0.16 0.01
Ba2+ 0.08 0.40 -0.85 0.16 -0.29 0.04 -0.18 0.28
Pb2+ 0.01 0.20 -0.82 0.26 -0.10 0.07 -0.17 0.08
Zn2+ -0.02 -0.04 -0.82 0.18 -0.12 0.05 -0.10 0.07
Cd2+ 0.01 0.17 -0.68 0.17 -0.12 0.05 -0.11 0.01
Hg2+ 0.01 0.20 -0.82 0.26 -0.10 0.07 -0.15 0.08
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Conductometric titrations of metal cations with L2 in acetonitrile and methanol at
298.15 K
C o n d u c t o m e t r i c  t i t r a t i o n s  o f  m e t a l  c a t i o n s  w i t h  L2 i n  a c e t o n i t r i l e  s h o w e d  t h e  f o r m a t i o n  
o f  1 : 2  a n d  1 : 1  ( L 2  : M + )  c o m p l e x e s  w i t h  l i t h i u m  a n d  s o d i u m  c a t i o n s ,  w h i l e  f o r  o t h e r  
m e t a l  c a t i o n s ,  t h e  i n t e r a t i o n  r e s u l t e d  o n  t h e  f o r m a t i o n  o f  1 : 1  ( L 2  : M n + )  c o m p l e x e s .  A s  f a r  
a s  m e t h a n o l  i s  c o n c e r n e d ,  c o m p l e x e s  o f  1 : 1  ( L 2  : M n + )  s t o i c h i o m e t r i e s  w e r e  f o u n d  w i t h  
u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s .
F o l l o w i n g  t h e  c o n d u c t o m e t r i c  s t u d i e s  t o  e s t a b l i s h  t h e  s t o i c h i o m e t r y  o r  c o m p o s i t i o n  o f  
m e t a l  c a t i o n  c o m p l e x e s  o f  L2, p o t e n t i o m e t r i c  a n d  c a l o r i m e t r i c  t i t r a t i o n s  a t  2 9 8 . 1 5  K  w e r e  
c a r r i e d  o u t  t o  d e r i v e  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n .  T h e r m o d y n a m i c  
d a t a  f o r  t h e  c o m p l e x a t i o n  o f  L2 w i t h  u n i  a n d  b i  v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  a n d  
m e t h a n o l  a t  2 9 8 . 1 5  K  a r e  s h o w n  i n  T a b l e s  1 4  a n d  1 5  r e s p e c t i v e l y .  S t a b i l i t y  c o n s t a n t  
v a l u e s  f o r  L2 a n d  u n i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  s h o w  t h e  f o r m a t i o n  o f  s t r o n g  
c o m p l e x e s  w i t h  L i +  a n d  N a +  ( l o g  K s =  7 . 3  a n d  8.6 r e s p e c t i v e l y ) .  R e l a t i v e l y  s t a b l e  
c o m p l e x e s  w e r e  f o u n d  w i t h  K + , R b + , C s +  a n d  A g +  ( l o g  K s  =  5 . 9 ,  5 . 8 ,  5 . 6  a n d  4 . 5  
r e s p e c t i v e l y ) .  T h e  c o m p l e x a t i o n s  o f  L2 w i t h  u n i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  w e r e  
f o u n d  t o  b e  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  d e s t a b i l i z e d  f o r  L i + , N a +  a n d  K + , 
w h i l e  f o r  R b +  a n d  C s + , t h e  p r o c e s s e s  a r e  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  
f a v o u r e d .  A s  f a r  a s  b i v a l e n t  m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  s t r o n g  c o m p l e x e s  w e r e  f o u n d  
f o r  C a 2 + , S r 2 + , B a 2 +  a n d  P b 2 +  w i t h  s t a b i l i t y  c o n s t a n t  v a l u e s  ( e x p r e s s e d  a s  l o g  K s )  o f  8 . 9 ,
1 0 . 1 ,  1 1 . 1  a n d  7 . 7  r e s p e c t i v e l y  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K .  S t a b l e  c o m p l e x e s  w e r e  f o u n d  
b e t w e e n  L2 a n d  M g 2 + , N i 2 + , Z n 2 + , H g 2 +  a n d  C d 2 +  w i t h  l o g  K s v a l u e s  o f  6 . 1 ,  5 . 5 ,  4 . 4 ,  5 . 8  
a n d  5 . 3  r e s p e c t i v e l y .  C o m p l e x a t i o n  b e t w e e n  L 2  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  a c e t o n i t r i l e  
w a s  a s s e s s e d  t o  b e  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  u n f a v o u r e d  f o r  a l l  t h e  
b i v a l e n t  c a t i o n s  i n v e s t i g a t e d .
A s  f a r  a s  c o m p l e x a t i o n  s t u d i e s  o f  L2 w i t h  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l  a t  2 9 8 . 1 5  
K  a r e  c o n c e r n e d ,  m o d e r a t e  s t a b l e  c o m p l e x e s  w e r e  f o i m d  f o r  t h e  u n i v a l e n t  m e t a l  c a t i o n s .  
S t a b i l i t y  c o n s t a n t  v a l u e s  ( e x p r e s s e d  a s  l o g  K s )  o f  5 . 2 ,  5 . 1 ,  5 . 4 ,  5 . 8 ,  5 . 5  a n d  5 . 9  w e r e  
f o u n d  f o r  L i + , N a + , K + , R b + , C s +  a n d  A g +  r e s p e c t i v e l y .  L2 d i d  n o t  s h o w  a  s e l e c t i v e  
b e h a v i o u r  t o w a r d s  a n y  o f  t h e  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l .  I n  t h e  c a s e  o f  L2 w i t h
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l i t h i u m ,  b o t h  e n t h a l p y  a n d  e n t r o p y  c o n t r i b u t e s  t o  t h e  s t a b i l i t y  o f  t h e  c o m p l e x .  F o r  t h e  
r e m a i n i n g  u n i v a l e n t  m e t a l  c a t i o n s  i n  m e t h a n o l ,  t h e  s t a b i l i t y  o f  t h e  c o m p l e x  L2 w e r e  
f o u n d  t o  b e  e n t h a l p i c a l l y  c o n t r o l l e d  a n d  e n t r o p i c a l l y  u n f a v o u r e d .  A s  f a r  a s  b i v a l e n t  m e t a l  
c a t i o n s  a r e  c o n c e r n e d ,  s t r o n g  c o m p l e x e s  w e r e  f o u n d  f o r  S r 2 +  a n d  B a 2 +  w i t h  s t a b i l i t y  
c o n s t a n t s  v a l u e s  ( e x p r e s s e d  a s  l o g  K s )  o f  7 . 9  a n d  9 . 3  r e s p e c t i v e l y .  S t a b l e  c o m p l e x e s  w e r e  
f o r m e d  b e t w e e n  L2 a n d  C a 2 + , P b 2 + , Z n 2 + , C d 2 + , H g 2 +  a n d  N i 2 +  w i t h  s t a b i l i t y  c o n s t a n t  
v a l u e s  ( e x p r e s s e d  a s  l o g  K s )  o f  5 . 1 ,  5 . 2 ,  5 . 1 ,  4 . 9 ,  5 . 0  a n d  5 . 2  r e s p e c t i v e l y .  W e a k  
c o m p l e x e s  w e r e  f o u n d  b e t w e e n  L2 a n d  M g 2 +  ( l o g  K s  = 3 . 0 ) .  A s  f a r  a s  t h e  a l k a l i n e  e a r t h  
m e t a l  c a t i o n s  a r e  c o n c e r n e d ,  e n t h a l p i c  a n d  e n t r o p i c  c o n t r i b u t i o n s  t o  t h e  s t a b i l i t y  o f  
c o m p l e x  f o r m a t i o n  b e t w e e n  L 2  w i t h  t h e  m e t a l  c a t i o n s  w e r e  f o u n d  t o  b e  a s  f o l l o w s :
•  M g 2 + . E n d o t h e n n i c  p r o c e s s  a n d  e n t r o p y  c o n t r o l l e d .
•  C a 2 + . E n t h a l p y  a n d  e n t r o p y  f a v o u r e d  b u t  e n t h a l p y  c o n t r o l l e d .
•  S r 2 +  a n d  B a 2 + . E n t h a l p y  a n d  e n t r o p y  f a v o u r e d  b u t  e n t r o p i c a l l y  c o n t r o l l e d .
•  P b 2 + , Z n 2 + , C d 2 + , H g 2 +  a n d  N i 2 + . T h e  e n t h a l p y  d r i v e s  t h e  r e a c t i o n  b u t  t h e r e  i s  a n
u n f a v o u r a b l e  c o n t r i b u t i o n  i n  t e r m s  o f  e n t r o p y .
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T a b l e .  1 4 .  S t a b i l i t y  c o n s t a n t s  ( l o g  K s)  a n d  d e r i v e d  s t a n d a r d  G i b b s  e n e r g i e s ;  a n d  e n t h a l p i e s  
a n d  e n t r o p i e s  o f  c o m p l e x a t i o n  L 2  w i t h  a l k a l i - m e t a l  a n d  s i l v e r  c a t i o n s  ( a s  
p e r c h l o r a t e s )  i n  a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  K 8 5 .
A C G ° , A C H ° , A C S ° ,
C a t i o n l o g  K s k J  m o l ' 1 k J  m o l ' 1 J K " 1m o l "1
M e t h a n o l
L f 5 . 2 a - 2 9 . 9 - 1 7 4 3
N a + 5 . 1  a - 2 9 . 3 - 3 1 -6
K + 5 . 4  a - 3 4 . 3 - 5 7 . 9 - 9 1
R b + 5 . 8  a - 3 3 - 6 9 . 3 - 1 2 1
C s + 5 . 5  a - 3 2 - 5 5 . 7 - 8 2
A g + 5 . 9  c - 3 3 . 5 - 4 1 . 5 a - 5 1  a
A c e t o n i t r i l e
T  i+
4 . 8  ( 1 : 1 ) b  - 2 7 . 4 - 7 6 . 4 - 1 6 5
JL/I
2 . 5  ( 1 : 2 ) b  - 1 4 . 4 - 6 3 . 3 - 1 6 4
N a +
5 . 6  ( 1 : 1 ) b  - 3 1 . 9 - 3 9 . 2 - 2 5
3 . 0  ( 1 : 2 ) b  - 1 7 . 2 - 5 7 . 2 - 1 3 4
K + 5 . 9  a - 3 3 . 8 - 3 7 . 8 - 1 3
R b * 5 . 8 a - 3 3 . 0 - 2 9 . 8 1 1
C s + 5 . 6  a - 3 2 . 0 - 2 1 . 1 3 7
. A / 4 . 5 c - 2 5 . 5 - -
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Table. 15. S t a b i l i t y  c o n s t a n t s  ( l o g  K s) a n d  d e r i v e d  s t a n d a r d  G i b b s  e n e r g i e s ;  e n t h a l p i e s  a n d  
e n t r o p i e s  o f  c o m p l e x a t i o n  o f  L 2  w i t h  b i v a l e n t  m e t a l  c a t i o n s  ( a s  p e r c h l o r a t e s )  i n  
a c e t o n i t r i l e  a n d  m e t h a n o l  a t  2 9 8 . 1 5  I C 85
Cation log K,
ACG°, 
kJ mol"1
ACH°, 
kJ mol'1
ACS0,
JK^mol1
Methanol
Mg2+ 3.0a -17.2 34.8 174
Ca2+ 5.1 a -29.2 -26.0 10
Sr2+ 7.9 b -45.2 -19.8 85
Ba2+ 9.3 b -52.8 -17.8 116
Pb2+ 5.2a -29.2 -31.2 -7
Zn2+ 5.1 a -29.1 -42.4 -47
Cd2+ 4.9 a -27.7 -38.7 -27
Hg2+ 5.0 a -28.2 -32.9 -16
Ni2+ 5.2 a -29.7 -35.6 -20
Acetonitrile
Mg2+ 6.1 b -34.8 -61.3 -89
Ca2+ 8.9 b -50.9 -78.3 -92
Sr2+ 10.1 b -57.6 -85.6 -94
Ba2+ 11.1 b -63.4 -122.5 -198
Pb2+ 7.7 b -44.1 -75.6 -106
Zn2+ 4.4fl -25.3 -105.9 -270
Cd2+ 5.3 a -30.4 -113.5 -279
Hg2+ 5.8 a -33.5 -122.0 -297
Ni2+ 5.5 a -31.2 -35.6 -15
D i i e c t  C a l o r i m e t r i c  T i t r a t i o n ,  ^ C o m p e t i t i v e  c a l o r i m e t r i c  t i t r a t i o n s
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3.3. The 5,ll,17,23,29,35-/?-tert-butyl-37,38,39,40,41,42-liexadiethylacetamide- 
calix[6 ]arene; L3
t-But
t-But
R=CH2CON(CH2CH3)2
Fig. 21. T h e  5 , 1 1 , 1 7 , 2 3 , 2 9 , 3 5 - p - f c / T - b u t y l - 3 7 , 3 8 , 3 9 , 4 0 , 4 1 , 4 2 - h e x a d i e t h y l -
a c e t a m i d e - c a l i x [ 6 ] a r e n e ;  L3 d e r i v a t i v e .
A s  f a r  a s  L3 i s  c o n c e r n e d ,  v e r y  l i m i t e d  i n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t .  P e r c e n t a g e s  o f  
e x t r a c t i o n  o f  c a t i o n s  b y  L3 i n  t h e  w a t e r - d i c h l o r o m e t h a n e  s o l v e n t  s y s t e m  a t  2 9 3  I C  h a v e  
b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e 1 0 0 . T h e s e  v a l u e s  a r e  s t r o n g l y  d e p e n d a n t  o n  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  u n d e r  w h i c h  e x t r a c t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t .
H a v i n g  d e s c r i b e d  t h e  w o r k  r e p o r t e d  i n  t h e  l i t e r a t u r e  o n  c a l i x [ n ] a r e n e  d e r i v a t i v e s  a n d  t h e i r  
c a t i o n  c o m p l e x e s  i n  n o n - a q u e o u s  m e d i a ,  t h e  a i m s  o f  t h i s  t h e s i s  a r e  p r e s e n t e d  i n  t h e  
f o l l o w i n g  S e c t i o n .
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3.4. Aims of the work:
L1: n=4 
L2: n=5 
L3: n=6
Fig. 2 2 .  T h e / z - / e r / - b u t y l - c a l i x [ n ] a r e n e - d i e t h y l - a c e t a m i d e  d e r i v a t i v e s  ( n =  4 - 6 )
T h e r m o d y n a m i c s  o f  c o m p l e x a t i o n  o f  c a l i x [ n j a r e n e s  d e r i v a t i v e s  w i t h  m e t a l  c a t i o n s  i n  
d i f f e r e n t  m e d i a  h a v e  b e e n  i n v e s t i g a t e d 6 9 . C o m p a r a t i v e  s t u d i e s  o n  c o m p l e x a t i o n  o f  
c a l i x a r e n e  d e r i v a t i v e s  b e a r i n g  d i f f e r e n t  f u n c t i o n a l  g r o u p s  a t  t h e  l o w e r  r i m  h a v e  b e e n  
c a r r i e d  o u t .  H o w e v e r  t h e r e  a r e  n o  d e t a i l e d  t h e r m o d y n a m i c  i n v e s t i g a t i o n s  o n  t h e  
i n t e r a c t i o n  o f  c a l i x [ n ] a r e n e  ( n = 4 , 6 )  a m i d e  d e r i v a t i v e s  a n d  m e t a l  c a t i o n s .  I n  a d d i t i o n  s o m e  
o f  t h e  d a t a  r e p o r t e d  n e e d  t o  b e  c o r r o b o r a t e d  b y  t h e  u s e  o f  t h e  a p p r o p r i a t e  t e c h n i q u e  f o r  
t h e  d e t e r m i n a t i o n  o f  t h e  s t a b i l i t y  c o n s t a n t s 9 7 . I n  s o m e  c a s e s  o n l y  a p p r o x i m a t e  s t a b i l i t y  
c o n s t a n t  v a l u e s  h a v e  b e e n  r e p o r t e d 9 7 . F u r t h e r m o r e  t h e r e  i s  s t i l l  a  g a p  i n  t h e  i n v e s t i g a t i o n s  
c o n c e r n i n g  t h e  s i z e  e f f e c t  o f  b o t h  t h e  h y d r o p h i l i c  a n d  t h e  h y d r o p h o b i c  r e g i o n s  o f  
c a l i x [ n ] a r e n e  a m i d e  d e r i v a t i v e s  b y  t h e  a d d i t i o n  o f  / / - s u b s t i t u t e d  p h e n y l  a m i d e  u n i t s  i n  t h e  
c a l i x a r e n e  s t r u c t u r e .  T h e r e f o r e  t h i s  t h e s i s  a i m s  t o  i n v e s t i g a t e  t h e  i n t e r a c t i o n s  i n v o l v e d  i n  
t h e  c o m p l e x a t i o n  o f  c a l i x [ n ] a r e n e  ( n = 4 - 6 )  a m i d e  d e r i v a t i v e s  ( F i g .  2 2 )  w i t h  u n i  a n d  
b i v a l e n t  m e t a l  c a t i o n s  i n  o r d e r  t o  a s s e s s  t h e  s i z e  e f f e c t  i n  m o v i n g  f r o m  t h e  c y c l i c  t e t r a m e r  
t o  t h e  h e x a m e r  o n  t h e  c a t i o n  a f f i n i t y  i n  a c e t o n i t r i l e  a n d  m e t h a n o l .  F o r  t h i s  p u r p o s e ,  
m e t h a n o l  ( p r o t i c  s o l v e n t )  a n d  a c e t o n i t r i l e  ( d i p o l a r  a p r o t i c  s o l v e n t )  w e r e  t h e  s o l v e n t s  
c h o s e n  t o  a s s e s s  a l s o  t h e  m e d i u m  e f f e c t  o n  t h e  b i n d i n g  o f  t h e s e  d e r i v a t i v e s  w i t h  m e t a l  
c a t i o n s .  T o  a c h i e v e  t h e s e  g o a l s ,  t h e  f o l l o w i n g  s t e p s  a r e  t o  b e  t a k e n :
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Introduction
1 .  S y n t h e s i s  a n d  c h a r a c t e r i z a t i o n  o f  p -te r t - b u t y l  c a l i x [ n ] a r e n e s  ( n = 4 - 6 )  a m i d e  
d e r i v a t i v e s .
2 .  D e t a i l e d  s t u d i e s  o f  t h e  i n t e r a c t i o n  o f  p - t e r / - b u t y l - c a l i x [ n ] a r e n e  ( n = 4 - 6 )  a m i d e  
d e r i v a t i v e s  w i t h  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  i n  d i f f e r e n t  m e d i a  a t  2 9 8 . 1 5  K  
t h r o u g h  * H  N M R  ( t o  a s s e s s  w h e t h e r  o r  n o t  c o m p l e x a t i o n  t a k e s  p l a c e  a n d ,  i f  
p o s s i b l e ,  t o  i d e n t i f y  t h e  a c t i v e  s i t e s  o f  t h e  l i g a n d  i n  i t s  c o m p l e x a t i o n  w i t h  m e t a l  
c a t i o n s )  a n d  c o n d u c t a n c e  ( t o  e s t a b l i s h  t h e  c o m p o s i t i o n  o f  t h e  m e t a l  c a t i o n  
c o m p l e x e s ) .
3 .  T o  d e r i v e  t h e  t h e r m o d y n a m i c s  o f  c a t i o n  c o m p l e x a t i o n  p r o c e s s e s  i n v o l v i n g  
c a l i x [ n ] a r e n e  a m i d e  d e r i v a t i v e s  ( n =  4 - 6 )  i n  m e t h a n o l  a n d  a c e t o n i t r i l e .  T h e s e  d a t a  
w i l l  b e  r e f e r r e d  t o  t h e  p r o c e s s  i d e n t i f i e d  t h r o u g h  s t e p  2 .
A n  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  w o r k  s t r a t e g y  t o  b e  f o l l o w e d  i n  t h i s  t h e s i s  i s  s h o w n  i n  
S c h e m e  2 .
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4. Experimental Part
List of abbreviations used throughout this thesis.
A c e t o n i t r i l e  ( M e C N )
B e n z o n i t r i l e  ( P h C N )
B u t a n o l  ( 1 - B u O H )
C h l o r o f o r m  ( C H C 1 3 )
D i c h l o r o m e t h a n e  ( D C M )
1 , 2  D i c h l o r o e t h a n e  ( 1 , 2  D C E )
N , N - d i m e t h y l  f o r m a m i d e  ( D M F )
D M S O  ( D i m e t h y l s u l p h o x i d e )
E t h a n o l  ( E t O H )
H e x a n e  ( n - H e x )
H y d r o c h l o r i c  a c i d  ( H C I )
M e t h a n o l  ( M e O H )
N i t r o b e n z e n e  ( P I 1N O 2)
T e t r a h y d r o f u r a n  ( T H F )
T o l u e n e  ( T o l )
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List of Chemicals
Chemicals used throughout this work, their purity and source are listed in Table. 
16.
Table. 16. List of chemicals, their purity and source.
Chemical Purity Company
H y d r o c h l o r i c  a c i d  ( H C 1 )
H y d r o c h l o r i c  a c i d  ( H C 1 )
M a g n e s i u m  s u l p h a t e  a n h y d r o u s  ( M g S 0 4 )  
P o t a s s i u m  c a r b o n a t e  a n h y d r o u s  ( K 2C 0 3 )
3 7 %
L a b o r a t o i y  
R e a g e n t  G r a d e  
0 . 1  M  
A n a l y t i c a l  
S t a n d a r d  
L a b o r a t o r y  
R e a g e n t  G r a d e  
L a b o t a t o r y  
R e a g e n t  G r a d e
F i s h e r  U K  S c i e n t i f i c  I n t e r n a t i o n a l
F i s h e r  U K  S c i e n t i f i c  I n t e r n a t i o n a l
F i s h e r  U K  S c i e n t i f i c  I n t e r n a t i o n a l
F i s h e r  U K  S c i e n t i f i c  I n t e r n a t i o n a l
/ 7- / e 7/ - b u t y l - c a l i x [ 4 ] a r e n e 9 9 % A c r o s  O r g a n i c s
/ ) - t e / Y - b u t y l - c a l i x [ 6] a r e n e 9 5 % A l d r i c h  C h e m i c a l  C o m p a n y
1 8 - c r o w n - 6 9 9 % A l d r i c h  C h e m i c a l  C o m p a n y
2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e 9 7 % A l d r i c h  C h e m i c a l  C o m p a n y
P o t a s s i u m  / - b u t o x i d e 9 5 % A l d r i c h  C h e m i c a l  C o m p a n y
/ 7- F o r m a l d e h y d e 9 5 % A l d r i c h  C h e m i c a l  C o m p a n y
T r i s ( h y d r o x y l ) a m i n o m e t h a n e  ( T H A M )  *  * 9 9 % S i g m a
4 - f c / Y - b u t y l p h e n o l 9 7 % F l u k a
L i t h i u m  p e r c h l o r a t e , L i C 1 0 4.11H 2O  
S o d i u m  p e r c h l o r a t e ,  N a C 104. H 20  
P o t a s s i u m  p e r c h l o r a t e ,  K C 1 0 4. n H 2 0  
R u b i d i u m  p e r c h l o r a t e ,  R b C 1 0 4. n H 2 0  
C a e s i u m  p e r c h l o r a t e ,  C s C 104. n H 20 
M a g n e s i u m  p e r c h l o r a t e ,  M g ( C 1 0 4) 2. 2 H 2 0  
C a l c i u m  p e r c h l o r a t e ,  C a ( C 104) 2.4H 20  
S t r o n t i u m  p e r c h l o r a t e ,  S r ( C 1 0 4) 2. 2 H 2 0  
B a r i u m  p e r c h l o r a t e ,  B a ( C 1 0 4) 2. n H 2 0  
N i c k e l  p e r c h l o r a t e ,  N i ( C 104) 2.6H 20  
L e a d  p e r c h l o r a t e ,  P b ( C 1 0 4) 2. n H 2 0  
C o p p e r  p e r c h l o r a t e ,  C u ( C 1 0 4) 2. 6 H 2 0  
C o b a l t  p e r c h l o r a t e ,  C o ( C 1 0 4) 2. 6 H 2 0  
Z i n c  p e r c h l o r a t e ,  Z n ( C 1 0 4) 2. 6 H 2 0  
C a d m i u m  p e r c h l o r a t e ,  C d ( C 1 0 4) 2. H 2 0  
M e r c u r y  ( I I )  p e r c h l o r a t e ,  H g ( C 1 0 4) 2. H 2 0  
S i l v e r  p e r c h l o r a t e ,  A g C 1 0 4. H 2 0  
r e t r a - n - b u t y l a m m o n i u m - p e r c h l o r a t e ,  ^ H ^ N C K A
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
A l d r i c h
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C h e m i c a
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
C o m p a n y
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M e t a l  i o n  p e r c h l o r a t e  s a l t s  f o r  H  N M R ,  c o n d u c t o m e t r i c  a n d  c a l o r i m e t r i c  s t u d i e s  w e r e  
d r i e d  o v e r  P 4O 10 f o r  a t  l e a s t  t w o  w e e k s  t o  e n s u r e  t h e  d r y n e s s  o f  t h e s e  s a l t s  ( v e r i f i e d  b y  * H  
N M R ) .
* * T h e  t r i s [ h y d r o x y l - m e t h y l ] - a m i n o m e t h a n e ,  T H A M ,  w a s  p u r i f i e d  b y  r e c r y s t a l l i z i n g  i t  
f r o m  a  w a t e r / m e t h a n o l  m i x t u r e .  T h e  s o l u t i o n  w a s  r e f l u x e d  a n d  l e f t  t o  c o o l  a t  r o o m  
t e m p e r a t u r e .  T h e  c r y s t a l s  f o r m e d  w e r e  f i l t e r e d  o f f  a n d  d r i e d  a t  r o o m  t e m p e r a t u r e  f o r  o n e  
d a y  a n d  s t o r e d  i n  a  v a c u u m  d e s i c c a t o r  o v e r  c a l c i u m  c h l o r i d e  f o r  o n e  w e e k  b e f o r e  u s e .
S o l v e n t s  u s e d ,  p u r i t y  a n d  s o u r c e  a r e  l i s t e d  i n  T a b l e  1 7 :
Table. 17. List of solvents, purity and source
Solvent Formula Purity Company
Acetone CH3COCH3 Laboratory Reagent Grade Fisher UK Scientific International
Acetonitrile CH3CN Analytical Grade, HPLC Fisher UK Scientific International
Chloroform CHCI3 Laboratory Reagent Grade Fisher UK Scientific International
Dichloromethane CH2C12 HPLC Fisher UK Scientific International
Ethanol CH3CH2OH Laboratory Reagent Grade Fisher UK Scientific International
Methanol CH3OH Analytical Grade, HPLC Fisher UK Scientific International
T etrahydronaphtalene 
(tetralin)
Ci0H 12 99% Aldrich Chemical Company
Deuterated CDCI3 Aldrich Chemical Companychloroform
Deuterated methanol CD3OD Aldrich Chemical Company
Deuterated
acetonitrile
CD3CN Aldrich Chemical Company
Tetramethylsilane Si(CH3) 4 Aldrich Chemical Company
Purification of Solvents
A c e t o n i t r i l e  u s e d  i n  t h e  s y n t h e t i c  w o r k ,  c o n d u c t o m e t r i c  a n d  c a l o r i m e t r i c  s t u d i e s  w a s  
r e f l u x e d  o v e r  c a l c i u m  h y d r i d e  i n  a  r o u n d - b o t t o m e d  f l a s k  e q u i p p e d  w i t h  a  c o n d e n s e r  
u n d e r  a  n i t r o g e n  a t m o s p h e r e  f o r  a t  l e a s t  t w o  a n d  a  h a l f  h o u r s  b e f o r e  u s e 1 0 1 .
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4.1. Synthesis
4.1.1 Synthesis of 5,11,17,23,29 p en ta -te r t-b n ty l  31,32,33,35-penta hydroxyl 
calix[5] arene.
T h e  p -te r t- b u t y l  c a l i x [ 5 ] a r e n e  w a s  s y n t h e s i s e d  a c c o r d i n g  t o  S c h e m e  3 .
Scheme 3. S y n t h e s i s  o f / 7- t e r / - b u t y l - c a l i x [ 5 ] a r e n e
T h u s  4 - t e r / - b u t y l  p h e n o l  ( 1 5 . 0  g ,  9 9 . 8 5  m m o l ) , / 7- f o r m a l d e h y d e  ( 1 0 . 0  g ,  2 5 2 . 0  m m o l )  a n d  
p o t a s s i u m  / e r t - b u t o x i d e  ( 3 . 4 g ,  2 6 . 0  m m o l )  i n  2 0 0  m l  o f  t e t r a l i n  w e r e  r e f l u x e d  a t  5 5  ° C  
f o r  t w o  h o r n s  i n s i d e  a  t h r e e - n e c k e d  r o u n d  b o t t o m e d  f l a s k  e q u i p p e d  w i t h  a  c o n d e n s e r ,  a  
D e a n - S t a r k  w a t e r  c o l l e c t o r  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  t e m p e r a t u r e  w a s  i n c r e a s e d  
t o  1 5 0  ° C  f o r  a  p e r i o d  o f  t h r e e  h o u r s  a n d  c o o l e d  d o w n  a t  r o o m  t e m p e r a t u r e .  T h e  
p r e c i p i t a t e  f o r m e d  w a s  r e m o v e d  b y  f i l t r a t i o n  a n d  t h e  f i l t r a t e  c o n c e n t r a t e d  t o  4 0  m l  u n d e r  
a  r e d u c e d - p r e s s u r e  r o t a - e v a p o r a t i o n .  T h e  o r g a n i c  p h a s e  w a s  e x t r a c t e d  f r o m  a  m i x t u r e  o f  
D C M  a n d  H C I  ( 0 . 1  M )  a n d  t h e  c r u d e  o i l  w a s  r e f l u x e d  w i t h  a c e t o n e .  S m a l l  c r y s t a l s  o f  p -  
/ e r A b u t y l - c a l i x [ 5 ] a r e n e  w e r e  o b t a i n e d  a n d  d r i e d  u n d e r  v a c u u m  a t  2 0 0  ° C .
* H N M R  ( C D C 1 3 ) :  8 ( p p m )  8 . 6 5  ( s ,  1 H ,  A r - O H ) ,  8 7 . 2 0  ( s ,  2 H ,  A r - H ) ,  8 3 . 8 0  ( b r o a d ,  2 H ,  
A r - C H 2- A r ) ,  8 1 . 5 4  ( s ,  9 H ,  4 tert- b u t ) .
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4.1.2 Synthesis of 5,11,17,23-/?-tert~butyl-25,26,27,28-tetradiethylacetamide-
calix[4]arene; L l
S c h e m e  4  s h o w s  t h e  p r o c e d u r e  u s e d  f o r  t h e  f u n c t i o n a l i z a t i o n  o f  p - f e r / - b u t y  1 - c a l i x [ 4 ] a r e n e  
w i t h  2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e .
+  CH,CI
N " ”"~ 2  5
s c 2h 5
L l
Scheme 4. S y n t h e s i s  o f  e t h y l - p - / e r / - b u t y l - c a l i x [ 4 ] a r e n e - t e t r a  a c e t a m i d e .
C a l i x [ 4 ] a r e n e  ( 5  g ) ,  1 8  c r o w n  6 ( 0 . 5 3  g ) ,  p o t a s s i u m  c a r b o n a t e  ( 1 0 . 6 6  g )  a n d  M e C N  ( 2 5 0  
m l )  w e r e  m i x e d  i n  a  5 0 0  m l  t h r e e - n e c k e d - b o t t o m  f l a s k  e q u i p p e d  w i t h  a  c o n d e n s e r .  T h e  
m i x t u r e  w a s  s t i r r e d  f o r  o n e  h o u r  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e n  2 - c h l o r o - N , N -  
d i e t h y l a c e t a m i d e  ( 6 . 3 5  m l )  w a s  a d d e d  a n d  t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  t o  8 0 ° C  f o r  t e n  
h o u r s .  T h e  r e a c t i o n  t i m e  w a s  f o l l o w e d  b y  T L C  u s i n g  a  m e t h a n o l :  d i c h l o r o m e t h a n e  ( 1 : 9 )  
m i x t u r e .  T h e  p r o d u c t  w a s  r o t a - e v a p o r a t e d  t o  e x t r a c t  t h e  s o l v e n t .  T h e n  D C M  ( 1 0 0  m l )  
w a s  a d d e d  t o  t h e  c r u d e  p r o d u c t  a n d  w a s h e d  s e v e r a l  t i m e s  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  
N a H C C >3 a n d  t h e n  w i t h  h y d r o c h l o r i c  a c i d  ( 1 0 0  m l ,  0 . 2  m o l a r ) .  T h e  o r g a n i c  p h a s e  w a s  
s e p a r a t e d  u s i n g  a  s e p a r a t i n g  f u n n e l ,  a n d  a n h y d r o u s  m a g n e s i u m  s u l f a t e  ( 5 0  g ) ,  w a s  a d d e d  
t o  r e m o v e  a n y  w a t e r  r e s i d u e  l e f t  i n  D C M .  T h e  s o l v e n t  w a s  t h e n  f i l t e r e d  o f f  a n d  r o t a -  
e v a p o r a t e d  u n t i l  d r y n e s s .  T h e  c r u d e  o i l  w a s  d i s s o l v e d  i n  M e O H  a n d  r e f l u x e d .  S m a l l  
w h i t e  c r y s t a l s  s t a r t e d  t o  f o r m  u p o n  c o o l i n g  o f  t h e  s o l v e n t .  T h e  r e s u l t i n g  y i e l d  w a s  5 5 - 6 5  
% .  T h e  p r o d u c t  w a s  d r i e d  a t  8 0  ° C  u n d e r  v a c u u m  a n d  s t o r e d  i n  a  d i s s e c a t o r  c o n t a i n i n g  
c a l c i u m  c h l o r i d e .
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‘ H  N M R  ( C D C I 3) :  8 ( p p m )  6 . 7 9 ( s ,  2 H ,  A r - H ) ,  8 5 . 2 2  ( d ,  1 H ,  A r - C H 2- A R ) ,  8 5 . 0 4 7  ( s ,  
2 H ,  O - C H 2- C O ) ,  8 3 . 3 5  ( q ,  4 H ,  N - C H 2- C H 3 ) ,  5  3 . 2 1  ( d ,  1 H ,  A r - C H 2- A R ) ,  8 1 . 1 5 6  ( t ,  6 
H ,  C H 2- C H 3) ,  8 1 . 0 9 1  ( s ,  9 H ,  4 - t e r t - b u t ) .  M i c r o a n a l y s i s  w a s  c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  
o f  S u r r e y ,  ( T h e o r e t i c a l :  %  C ,  7 4 . 1 4 ;  H ,  9 . 1 5 ;  N ,  5 . 0 9 ;  F o u n d :  %  C ,  7 4 . 0 2 ;  H ,  9 . 3 8 ;  N ,  
5 . 0 0 ) .
4.1.3 Synthesis of 5,ll,17,23-/?-te/Y-butyI-31,32,33,34,35-
pentadiethylacetamide-calix[5]arene; L2
S c h e m e  5  s h o w s  t h e  p r o c e d u r e  u s e d  f o r  t h e  f u n c t i o n a l i z a t i o n  o f  / ? - / e / 7 - b u t y l - c a l i x [ 5 ] a r e n e  
w i t h  2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e .
+  CH2C!
N " * 2 5
s c 2h 5
L2
Scheme 5. S y n t h e s i s  o f  e t h y l  / ? - t e r / - b u t y l - c a l i x [ 5 ] a r e n e - p e n t a  a c e t a m i d e .
C a l i x [ 5 ] a r e n e  ( 1 . 0 0  g ,  1 . 2 3  m m o l ) ,  1 8  c r o w n  6 ( 0 . 1 0  g ) ,  p o t a s s i u m  c a r b o n a t e  ( 2 . 0 4  g ,  
1 4 . 7 9  m m o l )  a n d  M e C N  ( 2 0 0  m l )  w e r e  m i x e d  i n  a  5 0 0  m l  t h r e e - n e c k e d - b o t t o m  f l a s k  
e q u i p p e d  w i t h  a  c o n d e n s e r .  T h e  m i x t u r e  w a s  s t i r r e d  f o r  a n  h o u r  u n d e r  a  n i t r o g e n  
a t m o s p h e r e .  T h e n ,  2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e  ( 1 . 3 6  m l ,  9 . 8 6  m m o l )  w a s  a d d e d  a n d  
t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  t o  7 0  ° C  f o r  t w o  d a y s .  T h e  r e a c t i o n  w a s  f o l l o w e d  b y  T L C  
u s i n g  h e x a n e :  e t h y l a c e t a t e  ( 4 : 1 )  m i x t u r e  a s  t h e  d e v e l o p i n g  s o l v e n t .  T h e  p r o d u c t  w a s  
r o t a - e v a p o r a t e d  t o  r e m o v e  t h e  s o l v e n t .  D C M  w a s  a d d e d  t o  t h e  c r u d e  p r o d u c t  a n d  w a s h e d
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s e v e r a l  t i m e s  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  N a H C C b  a n d  t h e n  w i t h  h y d r o c h l o r i c  a c i d  ( 1 0 0  
m l ,  0 . 2  m o l a r 1) .  T h e  o r g a n i c  p h a s e  w a s  s e p a r a t e d  u s i n g  a  s e p a r a t i n g  f u n n e l .  A n h y d r o u s  
m a g n e s i u m  s u l f a t e  ( 1 0  g ) ,  w a s  a d d e d  t o  r e m o v e  a n y  w a t e r  r e s i d u e  l e f t  i n  D C M .  T h e  
s o l v e n t  w a s  t h e n  f i l t e r e d  o f f  a n d  r o t a - e v a p o r a t e d  u n t i l  d r y n e s s .  T h e  c r u d e  o i l  w a s  
d i s s o l v e d  i n  m e t h a n o l  a n d  r e f l u x e d .  S m a l l  w h i t e  c r y s t a l s  w e r e  f o r m e d  u p o n  c o o l i n g  t h e  
s o l v e n t .  T h e  y i e l d  o b t a i n e d  w a s  6 0 - 7 0  % . .  T h e  p r o d u c t  w a s  d r i e d  a t  8 0  ° C  u n d e r  v a c u u m  
a n d  s t o r e d  i n  a  d i s s e c a t o r  c o n t a i n i n g  c a l c i u m  c h l o r i d e .
‘ H  N M R  ( C D C 1 3 ) :  8 ( p p m )  6 . 7 9 ( s ,  2  H ) ,  8 5 . 2 2  ( d ,  1  H), 8 5 . 0 4 7  ( s ,  2  H), 5  3 . 3 5  ( q ,  4  H), 
8 3 . 2 1  ( d ,  1  H), 8 1 . 1 5 6  ( t ,  6 H), 8 1 . 0 9 1  ( s ,  9  H). M i c r o a n a l y s i s  w a s  c a r r i e d  o u t  a t  t h e  
U n i v e r s i t y  o f  S u r r e y ,  ( T h e o r e t i c a l :  %  C ,  7 4 . 1 4 ;  H ,  9 . 1 5 ;  N ,  5 . 0 9 ;  F o u n d :  %  C ,  7 4 . 0 2 ;  H ,  
9 . 3 8 ;  N ,  5 . 0 0 ) .
4.1.4 Synthesis of 5,ll,17,23,29,35-/7-^-butyl-37,38,39,40,41,42- 
hexadiethylacetamide-calix[6 ] arene; L3
S c h e m e  6 s h o w s  t h e  p r o c e d u r e  u s e d  f o r  t h e  f u n c t i o n a l i z a t i o n  o f  / ? ~ f e r / - b u t y l - c a l i x [ 6] a r e n e  
w i t h  2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e .
Scheme 6 . S y n t h e s i s  o f  e t h y l - / ? - t e r f - b u t y l - c a l i x [ 6 ] a r e n e - h e x a - a c e t a m i d e .
L3
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C a l i x [ 6 ] a r e n e  ( 2 . 5  g ,  2 . 5 7  m m o l ) ,  1 8 - c r o w n - 6  ( 0 . 4 3  g ) ,  p o t a s s i u m  c a r b o n a t e  ( 8 . 5 1  g ,  
6 1 . 6 0  m m o l )  a n d  M e C N  ( 2 0 0  m l )  w e r e  m i x e d  i n  a  5 0 0  m l  t h r e e - n e c k e d - b o t t o m  f l a s k  
e q u i p p e d  w i t h  a  c o n d e n s e r .  T h e  m i x t u r e  w a s  s t i r r e d  f o r  a n  h o u r  u n d e r  a  n i t r o g e n  
a t m o s p h e r e .  T h e n  2 - c h l o r o - N , N - d i e t h y l a c e t a m i d e  ( 6 . 3 5  m l ,  4 6 . 2 3  m m o l )  w a s  a d d e d  a n d  
t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  t o  7 0  ° C  f o r  t w o  d a y s .  T h e  p r o d u c t  w a s  r o t a - e v a p o r a t e d  t o  
r e m o v e  t h e  s o l v e n t .  D C M  w a s  a d d e d  t o  t h e  c r u d e  p r o d u c t  a n d  w a s h e d  s e v e r a l  t i m e s  w i t h  
a  s a t u r a t e d  s o l u t i o n  o f  N a H C C >3 a n d  t h e n  w i t h  h y d r o c h l o r i c  a c i d  ( 1 0 0  m l ,  0 . 2  m o l a r ) .  T h e  
o r g a n i c  p h a s e  w a s  s e p a r a t e d  u s i n g  a  s e p a r a t i n g  f u n n e l .  A n h y d r o u s  m a g n e s i u m  s u l f a t e  ( 1 2  
g ) ,  w a s  a d d e d  t o  r e m o v e  a n y  w a t e r  r e s i d u e  l e f t  i n  D C M .  T h e  s o l v e n t  w a s  t h e n  f i l t e r e d  o f f  
a n d  r o t a - e v a p o r a t e d  u n t i l  d r y n e s s .  T h e  c r u d e  o i l  w a s  d i s s o l v e d  i n  M e C N  a n d  r e f l u x e d .  
S m a l l  w h i t e  c r y s t a l s  w e r e  f o r m e d  u p o n  c o o l i n g  o f  t h e  s o l v e n t .  T h e  r e s u l t i n g  y i e l d  w a s  
5 0 - 6 0  % .  T h e  p r o d u c t  w a s  d r i e d  a t  8 0  ° C  u n d e r  v a c u u m  a n d  s t o r e d  i n  a  d i s s e c a t o r  
c o n t a i n i n g  c a l c i u m  c h l o r i d e .
M i c r o a n a l y s i s  w a s  c a r r i e d  o u t  a t  t h e  U n i v e r s i t y  o f  S u r r e y ,  ( T h e o r e t i c a l :  %  C ,  7 4 . 1 4 ;  H ,  
9 . 1 5 ;  N ,  5 . 0 9 ;  F o u n d :  %  C ,  7 3 . 9 5 ;  H ,  9 . 0 8 ;  N ,  5 . 0 2 ) .
4.2 Determination of the solubility of L l and L3
T h e  s o l u b i l i t y  o f  L l a n d  L3 i n  s e v e r a l  s o l v e n t s  a t  2 9 8 . 1 5  K  w a s  m e a s u r e d .  T h e  p r o c e d u r e  
u s e d  i s  n o w  d e s c r i b e d .
4.2.1. Procedure
S o l u b i l i t y  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  b y  p r e p a r i n g  s a t u r a t e d  s o l u t i o n s  o f  L l o r  L3 i n  
d i f f e r e n t  s o l v e n t s ,  b y  a d d i n g  a n  e x c e s s  a m o u n t  o f  t h e  l i g a n d  i n  t h e  s o l v e n t  u n d e r  s t u d y .  
T h e  s a t u r a t e d  s o l u t i o n s  w e r e  l e f t  f o r  s e v e r a l  d a y s  i n  a  t h e r m o s t a t i c  b a t h  a t  2 9 8 . 1 5  K  
± 0 . 0 5  u n t i l  e q u i l i b r i u m  w a s  r e a c h e d .  O n c e  e q u i l i b r i u m  w a s  o b t a i n e d ,  a l i q u o t s  o f  t h e  
s a t u r a t e d  s o l u t i o n  a n d  t h e  p u r e  s o l v e n t s  ( p u r e  s o l v e n t s  w e r e  u s e d  a s  b l a n k s  i n  o r d e r  t o  
e n s u r e  t h e  a b s e n c e  o f  i n v o l a t i l e  i m p u r i t i e s )  w e r e  c a r e f u l l y  p l a c e d  i n  l a b e l e d  p o r c e l a i n  
c r u c i b l e s  ( t h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  t r i p l i c a t e  i n  o r d e r  t o  e n s u r e  r e p r o d u c i b i l i t y )
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a n d  l e f t  t o  e v a p o r a t e  i n  a  d i s s e c a t o r  c o n t a i n i n g  c a l c i u m  c h l o r i d e  ( d r y i n g  a g e n t ) .  O n c e  t h e  
s o l v e n t  w a s  e v a p o r a t e d ,  t h e  c r u c i b l e s  w e r e  w e i g h e d  u n t i l  a  c o n s t a n t  w e i g h t  w a s  a c h i e v e d .
4.3 NMR Spectrophotometry
! H  N M R  s t u d i e s  w e r e  c a r r i e d  o u t  i n  a  B r u k e r  A C - 3 0 0 E  p u l s e d  F o u r i e r  t r a n s f o r m  N M R  
s p e c t r o m e t e r  a t  2 9 8  K .  T h e  N M R  m a c h i n e  h a s  t h e  f o l l o w i n g  s e t u p :
B r u k e r  A C - 3 0 0 E  s p e c i f i c a t i o n s  
Pulse or Flip angle: 3 0 °
Spectral frequency: 3 0 0 . 1 3 7  M H z  
Delay time: 1 . 6 0  s  
Acquisition time: 1 . 8 1 9  s  
Line broadening: 0 . 5 5  H z  
Temperature: 2 9 8  K
S a m p l e s  o f  t h e  l i g a n d s  w e r e  p r e p a r e d  i n  0 . 5  m l  o f  t h e  c o r r e s p o n d i n g  d e u t e r a t e d  s o l v e n t  
( C D C I 3, C D 3C N  a n d  C D 3O D ) .  T M S  w a s  u s e d  a s  i n t e r n a l  r e f e r e n c e .
4.3.1. *H NMR interactions studies of L l and L3 with metal cations in non 
aqueous media
I n v e s t i g a t i o n s  o n  t h e  i n t e r a c t i o n s  o f  L l w i t h  m e t a l  c a t i o n s  u s i n g  * H  N M R  
s p e c t r o p h o t o m e t r y  w e r e  c a r r i e d  o u t  b y  a d d i n g  a n  e x c e s s  a m o u n t  o f  t h e  m e t a l  c a t i o n  ( a s  
p e r c h l o r a t e )  i n t o  t h e  d e u t e r a t e d  s o l v e n t  c o n t a i n i n g  t h e  l i g a n d .  T h e  r a n g e  o f  l i g a n d  
c o n c e n t r a t i o n  i n  t h e  s o l v e n t  w a s  b e t w e e n  1 x 1  O '4 a n d  l x l 0 "3 m o l d m '3 ( d e p e n d i n g  o n  t h e  
s o l u b i l i t y  o f  t h e  l i g a n d ) .  T h e  m e t a l  c a t i o n  ( a s  p e r c h l o r a t e )  w a s  a d d e d  i n t o  t h e  l i g a n d  
s o l u t i o n  i n  a  c o n c e n t r a t i o n  r a n g i n g  f r o m  2 x 1  O '3 a n d  2 x 1 0 '2 m o l d m ' 3 . T h e  p r e p a r e d  
s o l u t i o n s  o f  t h e  m e t a l  c a t i o n s  w e r e  20  t i m e s  m o r e  c o n c e n t r a t e d  t o  t h o s e  o f  t h e  l i g a n d  t o  
e n s u r e  a  m a x i m u m  p e r c e n t a g e  o f  c o m p l e x  f o r m e d .  A n  a d d i t i o n a l  a m o u n t  o f  m e t a l  c a t i o n  
s a l t  w a s  a d d e d  t o  v e r i f y  t h e  c e s s a t i o n  o f  t h e  c h e m i c a l  s h i f t i n g  o f  t h e  p r o t o n s ,  m e a n i n g  
t h a t  t h e  e q u i l i b r i u m  w a s  s h i f t e d  t o w a r d s  t h e  f o r m a t i o n  o f  t h e  l i g a n d : m e t a l  c o m p l e x .
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! H  N M R  c h e m i c a l  s h i f t  c h a n g e s ,  A S ,  f o r  LI i n  d i f f e r e n t  s o l v e n t s  a n d  u p o n  a d d i t i o n  o f
m e t a l  c a t i o n  s a l t  s o l u t i o n s  w e r e  i n v e s t i g a t e d .
4.4. Conductometric Titrations
C o n d u c t o m e t r y  i s  a  t e c h n i q u e  u s e d  t o  m e a s u r e  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  i o n i c  s p e c i e s  
i n  s o l u t i o n .  C o n d u c t i v i t y  a t  l o w - f r e q u e n c i e s  u s e s  t h e  e l e c t r o d e s  i m m e r s e d  i n  t h e  s o l u t i o n  
c o n t a i n i n g  t h e  i o n i c  s p e c i e s  t o  m e a s u r e  t h e  r e s i s t a n c e ,  R  (Q )  o f  t h e  s o l u t i o n .  T h e  
p r i n c i p l e  o f  c o n d u c t o m e t r y  i s  b a s e d  o n  O h m ’ s  l a w :
I n  e q .  8 , E  a n d  I  a n d  R  d e n o t e  t h e  v o l t a g e  ( v o l t s )  a n d  t h e  c u r r e n t  ( a m p e r e s ) .  T h e
T h e  r e s i s t a n c e  c a n  b e  e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  c r o s s - s e c t i o n a l  a r e a ,  A  ( c m 2 ) ,  o f  t h e  
e l e c t r o d e s  a n d  t h e  d i s t a n c e ,  1 ( c m ) ,  b e t w e e n  t h e m  a t  a  g i v e n  c o n c e n t r a t i o n  a n d  
t e m p e r a t u r e  a s  f o l l o w s :
(eq.8 )
(eq.1 0 )
I n  e q . 1 0 ,  p  d e n o t e s  t h e  s p e c i f i c  r e s i s t a n c e  o r  r e s i s t i v i t y  ( O . c m ) .  
C o m b i n a t i o n  o f  e q s .  9  a n d  1 0  l e a d s  t o  t h e  f o l l o w i n g  r e l a t i o n s h i p :
(eq.ll)
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I n  e q .  1 1 ,  k  d e n o t e s  t h e  s p e c i f i c  c o n d u c t a n c e  ( X T 1. c m ' 1)  a n d  c a n  b e  t a k e n  a s  t h e  r e c i p r o c a l  
o f  t h e  s p e c i f i c  r e s i s t a n c e .  C o n s i d e r i n g  t h e  r e l a t i o n  1 / A  a s  t h e  c e l l  c o n s t a n t ,  0 ( c m ' 1) ,  e q . 1 2  
c a n  b e  r e a r r a n g e d  a s  f o l l o w s :
1C
L =  — o r  0  =  k L (eq.12)
0
T h e  m o l a r  c o n d u c t a n c e  ( A m >  S . c m 2. m o l " 1 )  w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  f o r m u l a :
1 0 0 0 X . #  1 0 0 0 . / r  ,  ,  ,
A , „  = -----------= ---------  (eq.13)
I n  e q .  1 3 ,  c  d e n o t e s  t h e  m o l a r  c o n c e n t r a t i o n  o f  t h e  e l e c t r o l y t e  ( m o l . d m ' 3 ) .
T h e  i n t e r a c t i o n  o f  t h e  l i g a n d  w i t h  t h e  m e t a l  c a t i o n  u p o n  t i t r a t i o n  o f  t h e  l a t t e r  i n t o  t h e  
s o l u t i o n  c o n t a i n i n g  t h e  s a l t  w i l l  v a r y  t h e  e l e c t r i c a l  c o n d u c t a n c e  o f  t h e  s o l u t i o n .  T h i s  i s  
o f t e n  d u e  t o  t h e  l o w e r  m o b i l i t y  o f  t h e  l i g a n d / m e t a l - c a t i o n  c o m p l e x  c o m p a r e d  t o  t h a t  o f  
t h e  f r e e  c a t i o n .  T h i s  p r o p e r t y  c a n  b e  u s e d  t o  d e t e r m i n e  t h e  s t o i c h i o m e t r y  o r  t h e  
c o m p o s i t i o n  o f  t h e  c o m p l e x .  T h i s  i s  o b t a i n e d  b y  p l o t t i n g  t h e  m o l a r  c o n d u c t a n c e  ( A m  )  o f  
t h e  s o l u t i o n  a g a i n s t  t h e  c o n c e n t r a t i o n  r a t i o  o f  t h e  l i g a n d  o v e r  t h e  m e t a l - c a t i o n  ( L / M n + )  
a n d  e x t r a p o l a t i n g  t h e  s l o p e s  f o u n d  a t  h i g h  a n d  l o w  c o n c e n t r a t i o n  r a t i o s .
T h e  f o l l o w i n g  e q u i p m e n t  w a s  u s e d  f o r  t h e  c o n d u c t o m e t r i c  t i t r a t i o n s :
i) W a y n e - K e r r  M o d e l  7 3 3 0  A u t o m a t i c  L C R  M e t e r  C o n d u c t i v i t y  B r i d g e  a t  a
f r e q u e n c y  o f  1  H z .
ii) R u s s e l  t y p e  g l a s s  b o d i e d  p l a t i n u m  e l e c t r o d e
Hi) R e a c t i o n  g l a s s  v e s s e l  ( j a c k e t )  k e p t  a t  a  t e m p e r a t u r e  o f  2 9 8 . 1 5  ±  0 . 0 5  K
4.4.1. Determination of the cell constant, 0.
T h e  c e l l  c o n s t a n t  w a s  d e t e r m i n e d  b y  t i t r a t i n g  a  s o l u t i o n  o f  K C 1  ( 0 . 1  m o l . d m ' 3 )  i n  
d e i o n i s e d  w a t e r 102 ( 2 5  c m 3 ) ,  t a k i n g  t h e  r e a d i n g s  a f t e r  e a c h  a d d i t i o n .  O n c e  e q u i l i b r i u m  
w a s  r e a c h e d ,  t h e  m o l a r  c o n d u c t a n c e  w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  
p r o p o s e d  b y  L i n d  a n d  c o - w o r k e r s 705
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A m =  1 4 9 . 9 3  -  9 4 . 6 5  c m  +  5 8 . 7 4  c l o g  c  +  1 9 8 . 4  c ( e q .  1 4 )
U s i n g  t h e  m o l a r  c o n d u c t a n c e  d a t a  f o r  K C 1  o b t a i n e d  f r o m  e q . 1 4 ,  t h e  e x p e r i m e n t a l  v a l u e  
f o r  t h e  c e l l  c o n s t a n t  w a s  c a l c u l a t e d  b y  r e a r r a n g i n g  e q .  1 3  a s  f o l l o w s ,
<e* 15>
4 . 4 . 2 .  Conductometric titrations of metal-ion salts with the ligand in MeOH 
and MeCN at 2 9 8 . 1 5  I C .
A  s o l u t i o n  o f  t h e  l i g a n d  w a s  t i t r a t e d  i n  e q u a l  a l i q u o t s  i n t o  t h e  m e t a l - i o n  s o l u t i o n  ( 2 5  c m 3 )  
c o n t a i n e d  i n  t h e  r e a c t i o n  v e s s e l  u n d e r  c o n t i n u o u s  s t i r r i n g .  T h e  r e a d i n g s  w e r e  t a k e n  a f t e r  
e a c h  a d d i t i o n  a n d  t h e  m o l a r  c o n d u c t a n c e  f o r  e a c h  p o i n t  w a s  c a l c u l a t e d  u s i n g  e q u a t i o n  10 . 
T h e  c o n c e n t r a t i o n  o f  t h e  l i g a n d  s o l u t i o n  w a s  i n  t h e  ( 0 . 2 - 1 . 0 )  x l O "3 m o l . d m '3 r a n g e  a n d  
t h a t  o f  t h e  m e t a l - i o n  s a l t  s o l u t i o n  w a s  a r o u n d  ( 0 .2 - 1 .0)  x  10 '4 m o l . d m "3 i n  m e t h a n o l  o r  
a c e t o n i t r i l e .  A l l  t h e  t i t r a t i o n s  w e r e  p e r f o r m e d  a t  2 9 8 . 1 5  K .  T h u s  t h e  m e t a l - i o n  s a l t  
s o l u t i o n s  w e r e  l e f t  t o  r e a c h  t h e r m a l  e q u i l i b r i u m  p r i o r  t o  t h e  f i r s t  a d d i t i o n  o f  t h e  l i g a n d  
s o l u t i o n .  T h e  m o l a r  c o n d u c t a n c e  f o r  e a c h  t i t r a t i o n  w a s  p l o t t e d  a g a i n s t  [ L ] / [ M n + ] 
( l i g a n d / m e t a l  c a t i o n )  r a t i o  i n  o r d e r  t o  a s s e s s  w h e t h e r  o r  n o t  l i g a n d - m e t a l  c a t i o n  
i n t e r a c t i o n s  t o o k  p l a c e  a n d  i f  s o ,  t o  d e t e r m i n e  t h e  c o m p o s i t i o n  o f  t h e  c o m p l e x .
4 . 5 .  Potentiometric Titrations
T h e  s t a b i l i t y  c o n s t a n t  f o r  m e t a l - l i g a n d  c o m p l e x e s  c a n  b e  p r e c i s e l y  o b t a i n e d  f r o m  
p o t e n t i o m e t r y .  P o t e n t i o m e t r i c  t i t r a t i o n s  u s i n g  s i l v e r  e l e c t r o d e s  w e r e  p r e v i o u s l y  u s e d  t o  
f i n d  t h e  s t a b i l i t y  c o n s t a n t  o f  s e v e r a l  m a c r o c y c l e s  a n d  m e t a l  c a t i o n s  i n  d i f f e r e n t
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m e d i a 1 0 4 , 1 0 5 , 1 1 4 . T h i s  t e c h n i q u e  c a n  b e  u s e d  t o  d e t e r m i n e  s t a b i l i t y  c o n s t a n t s  ( l o g  I C S)  
h i g h e r  t h a n  6 . T h e r e f o r e  t h i s  i s  a n  i n t e r e s t i n g  a l t e r n a t i v e  t o  u s e  w h e n e v e r  t h e  s t a b i l i t y  
c o n s t a n t s  c a n  n o t  b e  d e t e r m i n e d  b y  t e c h n i q u e s  w h i c h  a r e  d e p e n d a n t  o n  t h e  c o n c e n t r a t i o n  
( c a l o r i m e t r y ,  U V  s p e c t r o p h o t o m e t r y ,  c o n d u c t o m e t r y ) .
T h e  s t a b i l i t y  c o n s t a n t  ( l o g  K s )  o f  L I  w i t h  s i l v e r  a n d  s o d i u m  ( a s  p e r c h l o r a t e s )  i n  M e O H  
a n d  M e C N  w e r e  c a l c u l a t e d  f r o m  t h e  r e s u l t s  o b t a i n e d  f r o m  p o t e n t i o m e t r i c  t i t r a t i o n s .  T h e  
e l e c t r o d e  s y s t e m  u s e d  f o r  t h e s e  t i t r a t i o n s  c o n s i s t e d  o f  a  s i l v e r  o r  a  s o d i u m  e l e c t r o d e .  T h e  
a r r a n g e m e n t  i n v o l v e s  a  s i l v e r  w i r e  ( a s  r e f e r e n c e  e l e c t r o d e ) ,  a  s a l t  b r i d g e ,  t w o  g l a s s  
v e s s e l s  ( j a c k e t s )  t h e r m i c a l l y  c o n t r o l l e d  a t  2 9 8 . 1 5  K  a n d  a  d i g i t a l  m i c r o - p r o c e s s o r  p H / m V  
m e t e r  H a n n a  m o d e l  p H 2 1 3  ( F i g .  2 3 ) .  T h e  f o l l o w i n g  e l e c t r o c h e m i c a l  c e l l  w a s  u s e d :
Ag
Ag+
MeCN or MeOH 0.05 M 
TBAP reference
MeCN or MeOH 
0.05 M TBAP
Mn+
MeCN or MeOH 0.05 M 
TBAP sample
M
p H / m V  m e t e r
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Fig. 23. S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  s y s t e m  
t i t r a t i o n s .
4.5.1. Calibration of the electrode
T h e  f o l l o w i n g  p a r a g r a p h  d e s c r i b e s  t h e  p r o c e d u r e  u n d e r t a k e n  f o r  t h e  c a l i b r a t i o n  o f  t h e  
s i l v e r  s e l e c t i v e  e l e c t r o d e ,  w h i c h  i s  s i m i l a r  t o  t h e  o n e  u s e d  f o r  t h e  s o d i u m  s e l e c t i v e  
e l e c t r o d e  ( d i f f e r s  i n  t h e  t y p e  o f  e l e c t r o d e  u s e d ) .
A  s o l u t i o n  o f  T B A P  ( — 0 . 0 5  m o l . d m ' 3 )  i n  M e C N  o r  M e O H  w a s  u s e d  t o  f i l l  t h e  b r i d g e  a n d  
t o  p r e p a r e  a  s o l u t i o n  o f  A g C 1 0 4 ( - 1 . 0 x 1  O '3 m o l . d m " 3 )  i n  t h e  s a m e  s o l v e n t s .  T h e s e  w e r e  
p l a c e d  i n  t h e  v e s s e l  c o n t a i n i n g  t h e  r e f e r e n c e  e l e c t r o d e .  T h e  r e a c t i o n  v e s s e l  c o n t a i n i n g  t h e  
s i l v e r  ( o r  s o d i u m )  e l e c t r o d e  w a s  f i l l e d  w i t h  T B A P  ( 1 0  m l )  s o l u t i o n .  T h i s  w a s  f o l l o w e d  b y  
t h e  a d d i t i o n  o f  t h e  A g C 1 0 4 ( o r  N a  C 1 0 4 )  s o l u t i o n  i n  a l i q u o t s  o f  0 . 1  m l .  T h e  c h a n g e  i n  
p o t e n t i a l  ( m V )  s h o w n  i n  t h e  p H / m V  m e t e r  w a s  r e g i s t e r e d  a f t e r  e a c h  a d d i t i o n .  T h e  
p o t e n t i a l  ( i n  m V ,  y - a x i s )  a g a i n s t  l o g  [ A g + ]  ( o r  l o g  [ N a + ] )  w a s  p l o t t e d  i n  o r d e r  t o  c a l c u l a t e  
t h e  s l o p e  a n d  c o r r o b o r a t e  i f  t h e  e l e c t r o d e  f o l l o w s  a  g o o d  N e r n s t i a n  b e h a v i o u r  ( e q .  1 6 ) .
RT
E = E° +— \na. + (eq.16)nF As
I n  e q .  1 3 ,  E  d e n o t e s  t h e  h a l f  c e l l - p o t e n t i a l  ( V ) ,  E °  t h e  s t a n d a r d  h a l f - c e l l  p o t e n t i a l  ( V ) ,  R  
t h e  u n i v e r s a l  g a s  c o n s t a n t  ( 8 . 3 1 6  J . m o l " 1. K ’ 1 )  , T  t h e  t e m p e r a t u r e  ( I C ) ,  n  t h e  n u m b e r  o f  
e l e c t r o n s  t r a n s f e r r e d  f o r  o n e  f o r m u l a  u n i t  o f  t h e  r e a c t i o n ,  F  i s  t h e  F a r a d a y  c o n s t a n t  
( 9 6 , 4 9 7  c o u l o m b s - m o l ' 1 )  a n d  t h e  a c t i v i t y  o f  t h e  s i l v e r  c a t i o n .
4.5.2. Determination of stability constants using potentiometric titrations
F o l l o w i n g  t h e  c a l i b r a t i o n ,  a  s o l u t i o n  o f  L I  ( - 8 . 0  x l O '4 m o l . d m ’3 )  w a s  p r e p a r e d  b y  
d i s s o l v i n g  t h e  l i g a n d  i n t o  t h e  T B A P  s o l u t i o n  ( - 0 . 0 5  m o l . d m ' 3 )  o f  a c e t o n i t r i l e  o r  
m e t h a n o l .  A l i q u o t s  o f  t h e  l i g a n d  s o l u t i o n  w e r e  t i t r a t e d  i n t o  t h e  v e s s e l  c o n t a i n i n g  a  k n o w n  
c o n c e n t r a t i o n  o f  s i l v e r  ( - 1.0  x l O "4 m o l . d m "3 i n  m e t h a n o l  o r  a c e t o n i t r i l e )  u n t i l  t h e  
c o n c e n t r a t i o n  r a t i o  o f  t h e  l i g a n d  a n d  m e t a l  c a t i o n  ( [ L l ] / [ A g + ] )  r e a c h e d  a  s t o i c h i o m e t r y  o f
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2 : 1 .  T h e  d a t a  o b t a i n e d  w a s  u s e d  t o  c a l c u l a t e  t h e  s t a b i l i t y  c o n s t a n t  o f  t h e  l i g a n d  a n d  t h e  
s i l v e r  c a t i o n  i n  m e t h a n o l  a n d  i n  a c e t o n i t r i l e .
A  s i m i l a r  p r o c e s s  w a s  u s e d  t o  d e t e r m i n e  t h e  s t a b i l i t y  c o n s t a n t  o f  s o d i u m  i n  a c e t o n i t r i l e .  
T h u s  a  s o l u t i o n  o f  L l  ( ~ 1 . 3 4 x l 0 '3 m o l . d m ' 3 )  i n  T B A P  ( - 0 . 0 5  m o l . d m ' 3 )  i n  a c e t o n i t r i l e  
w a s  p r e p a r e d .  A l i q u o t s  o f  t h e  l i g a n d  s o l u t i o n  w e r e  t i t r a t e d  i n t o  a  s o l u t i o n  o f  s o d i u m  ( - 1 . 0  
x l O '4 m o l . d m ' 3 )  ( a s  p e r c h l o r a t e )  u n t i l  t h e  c o n c e n t r a t i o n  r a t i o  o f  t h e  l i g a n d  a n d  m e t a l  
c a t i o n  ( [ L l ] / [ N a + ] )  r e a c h e d  a  s t o i c h i o m e t r y  o f  2 : 1 .  T h e  d a t a  o b t a i n e d  w a s  u s e d  t o  
c a l c u l a t e  t h e  s t a b i l i t y  c o n s t a n t  o f  t h e  l i g a n d  a n d  t h e  s o d i u m  c a t i o n  i n  a c e t o n i t r i l e .  D e t a i l s  
f o r  t h e  c a l c u l a t i o n  o f  t h e  s t a b i l i t y  c o n s t a n t  u s i n g  p o t e n t i o m e t r i c  t i t r a t i o n s  a r e  s h o w n  i n  
t h e  R e s u l t s  a n d  D i s c u s s i o n  S e c t i o n .
4.6. Calorimetric Titrations
C a l o r i m e t r i c  t i t r a t i o n s  w e r e  p e r f o r m e d  i n  o r d e r  t o  e s t a b l i s h  t h e  t h e r m o d y n a m i c  
p a r a m e t e r s  o f  c o m p l e x a t i o n  ( l o g  K s  a n d  A C H )  o f  L l, L2 a n d  L3 w i t h  m e t a l - i o n s  i n  
s o l u t i o n .
T h e  c a l o r i m e t r i c  s y s t e m  u s e d  w a s  t h e  T r o n a c  4 5 0  ( i s o p e r i b o l i c  c a l o r i m e t e r  s h o w n  i n  F i g .  
2 4 )  w h i c h  i s  a  c o m m e r c i a l  v e r s i o n  o f  t h e  s o l u t i o n  c a l o r i m e t e r  d e s i g n e d  b y  C h r i s t e n s e n  
a n d  I z a t t 1 0 6 . T h e  c a l o r i m e t e r  i s  e q u i p p e d  w i t h  a n  a u t o m a t i c  b u r e t t e  w i t h  a  s y r i n g e  
d i s p e n s e r  ( m a x .  c a p a c i t y  o f  2  c m 2 )  a t t a c h e d  t o  a  s i l i c o n  t u b e  i n  o n e  e n d  a n d  t h e  o t h e r  e n d  
c o n n e c t e d  t o  a  s i l v e r  g l a s s  v a c u u m  D e w a r  v e s s e l  ( 5 0  m l ) .  T h e  s o l u t i o n  w a s  p l a c e d  i n  t h e  
D e w a r  v e s s e l  a n d  k e p t  u n d e r  c o n t i n u o u s  s t i r r i n g  w i t h  t h e  a i d  o f  a  s t a i n l e s s  s t e e l  s t i r r e r .  
T h e  s y s t e m  c o m p o s e d  o f  t h e  D e w a r  v e s s e l  a n d  a n  a u t o m a t i c  b u r e t t e  w a s  i m m e r s e d  i n t o  a  
t h e r m o s t a t i c  c o n t r o l l e d  b a t h  ( c a p a c i t y  o f  9 5  l i t e r s )  a t  2 9 8 . 1 5  K .  T h e  v a r i a t i o n s  o f  h e a t  
p r o d u c e d  b y  t h e  r e a c t i o n  w e r e  d e t e c t e d  b y  a  t h e r m i s t o r  a n d  c o n v e r t e d  t o  a  c o r r e s p o n d i n g  
v o l t a g e  b y  a  W h e a t s t o n e  b r i d g e  c i r c u i t  a n d  r e g i s t e r e d  b y  a  s t r i p - c h a r t  r e c o r d e r  i n  t h e  f o r m  
o f  a  t h e r m o g r a m .
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Fig. 24. T h e  T r o n a c  4 5 0  c a l o r i m e t e r  
4.6.1. The thermogram:
T h e  t h e r m o g r a m  i s  a  p l o t  o f  t e m p e r a t u r e  a g a i n s t  t h e  m o l e s  o f  t i t r a n t  a d d e d .  A  t y p i c a l  
r e p r e s e n t a t i o n  o f  a  t h e r m o g r a m  i s  s h o w n  i n  F i g .  2 5 .  T h e  l i n e a l  s e g m e n t  A B  s h o w s  t h e  
p r e - r e a c t i o n  p e r i o d .  P o i n t  B  m a r k s  t h e  i n i t i a t i o n  o f  t h e  t i t r a t i o n  w h i c h  e n d s  a t  p o i n t  C ;  
t h i s  p e r i o d  i s  c a l l e d  “ t h e  r e a c t i o n ”  o r  t h e  “ m a i n  p e r i o d ” . T h e  l i n e a l  s e g m e n t  C D  
r e p r e s e n t s  t h e  p o s t - r e a c t i o n  p e r i o d .  D u r i n g  p e r i o d s  A B  a n d  C D ,  s m a l l  a n d  c o n s t a n t  h e a t  
e f f e c t s  a r e  g e n e r a t e d  i n  t h e  c a l o r i m e t e r  d u e  t o  t h e  h e a t  o f  s t i r r i n g  a n d  r e s i s t a n c e  a c r o s s  
t h e  t h e r m i s t o r .
Time/volume of titrant added
Fig. 25. T y p i c a l  r e p r e s e n t a t i o n  o f  a  t h e r m o g r a m  c u r v e  f o r  a n  e x o t h e r m i c  r e a c t i o n
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T h e  r e s u l t s  o f  t h e  t h e r m o g r a m  m u s t  b e  s u b j e c t e d  t o  t h e  Dickinson’s method of 
extrapolation. T h e  a p p l i c a t i o n  o f  t h i s  m e t h o d  s h o u l d  b e  c a r r i e d  o u t  f o r  i s o p e r i b o l i c  
c a l o r i m e t e r s  w h e r e  t e m p e r a t u r e  c h a n g e s  o c c u r  b e t w e e n  t h e  s y s t e m  ( r e a c t i o n  v e s s e l )  a n d  
t h e  s u r r o u n d i n g s  d u r i n g  t h e  r e a c t i o n ,  a n d  t h e r e f o r e  a  h e a t  e x c h a n g e  t a k e s  p l a c e .
4.6.2. Dickinson’s method of extrapolation
D i c k i n s o n ’ s  m e t h o d  i s  b a s e d  o n  t h e  f a c t  t h a t  t h e  h e a t  e v o l u t i o n  d u r i n g  a  t i t r a t i o n  i s  a n  
e x p o n e n t i a l  f u n c t i o n :
T  = l - e ~ k< (eq.17)
I n  e q . 1 7 ,  T ,  a n d  t  d e n o t e  t h e  t e m p e r a t u r e  ( I C )  a n d  t i m e  ( s )  a n d  k  i s  a  c o n s t a n t .  I n  o r d e r  t o  
f i n d  t h e  T m  ( t h e  m e a n  t e m p e r a t u r e ) ,  t h e  a r e a s  I  a n d  I I  o f  F i g .  2 6  s h o u l d  b e  e q u a l ,  t h e r e f o r e
(eq.18)
f r a  = £ 0 - 0 *
B y  s u b s t i t u t i n g  e q . 1 7  i n t o  e q  1 8 ,  a n d  a s s u m i n g  t B = 0 ,  t h e n :
L  = 7  (e<l-19)
k
R e p l a c i n g  e q . 1 9  i n t o  e q .  1 7 ,  t h e  m e a n  t e m p e r a t u r e  Tm i s  o b t a i n e d :
Tm = l - e k = l - e ~ ' =  0 . 6 3 2  A T  (eq.20)
T h e  f o l l o w i n g  s t e p s  a r e  t a k e n  t o  g e t  t h e  c o r r e c t e d  t e m p e r a t u r e  f r o m  t h e  t h e r m o g r a m :
i )  E x t r a p o l a t i o n  o f  s e g m e n t s  A B  a n d  C D  ( l i n e a l  s e g m e n t s  r e p r e s e n t i n g  t h e  p r e  
a n d  p o s t  r e a c t i o n  s h o w n  i n  F i g .  2 6 )  a n d  d r a w i n g  a  p e r p e n d i c u l a r  l i n e  s t a r t i n g  
a t  B  w h i c h  i n t e r s e c t s  t h e  e x t r a p o l a t i o n  o f  C D  a t  t h e  p o i n t  B 1 .
i i )  A t  0 . 6 3  o f  B B 1 , a  p e r p e n d i c u l a r  l i n e  t o  B B 1 i s  t r a c e d  c u t t i n g  t h e  s e g m e n t  B C  
a t  X .
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i i i )  A  p a r a l l e l  l i n e  t o  B B 1 i s  d r a w n  w h i c h  p a s s e s  t h r o u g h  X  a n d  c u t s  t h e  
e x t r a p o l a t e d  l i n e s  o f  A B  a n d  C D  a t  Y  a n d  Y 1 r e s p e c t i v e l y .  T h e r e f o r e ,  Y Y 1 i s  
t h e  c o r r e c t e d  t e m p e r a t u r e  f o u n d  b y  t h e  D i c k i n s o n ’ s  m e t h o d  o f  e x t r a p o l a t i o n .
Fig. 26. P l o t  o f  t e m p e r a t u r e  a g a i n s t  t i m e  s h o w i n g  t h e  g r a p h i c a l  e x t r a p o l a t i o n  u s i n g  
D i c k i n s o n ’ s  m e t h o d  o f  e x t r a p o l a t i o n .
T h e  m e a n  t e m p e r a t u r e  o f  t h e  r e a c t i o n  o c c u r s  a t  6 3  %  o f  t h e  h e a t  e v o l v e d .  F o r  t h e  
e l e c t r i c a l  c a l i b r a t i o n ,  t h e  m e a n  t e m p e r a t u r e  i s  t a k e n  a t  5 0  %  o f  t h e  h e a t  e v o l v e d .  T h i s  i s  
d u e  t o  t h e  f a c t  t h a t ,  u n l i k e  f o r  t h e  p r e v i o u s  c a s e  ( e x p o n e n t i a l  f u n c t i o n ) ,  t h e  h e a t  e v o l v e d  
v s  t i m e  l e a d s  t o  a  l i n e a l  r e l a t i o n s h i p .
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4.6.3. Calibration of the calorimeter Tronac 450
4.6.3.1. Burette calibration.
T h e  b u r e t t e  w a s  c a l i b r a t e d  i n  o r d e r  t o  f i n d  t h e  e x a c t  v o l u m e  d e l i v e r e d  i n  a  g i v e n  p e r i o d  o f  
t i m e  ( r a t e  o r  f l o w  o f  t h e  b u r e t t e  i n  c m 3. s ' 1) .  I n  o r d e r  t o  p r o c e e d  w i t h  t h i s ,  s a m p l e s  o f  
w a t e r  d e l i v e r e d  b y  t h e  b u r e t t e  i n  a  k n o w n  p e r i o d  o f  t i m e  w e r e  w e i g h e d  a n d  t h e  m a s s  w a s  
c o n v e r t e d  t o  v o l u m e  ( d i v i d i n g  b y  t h e  d e n s i t y  o f  w a t e r  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e ) .  A n  
a v e r a g e  v a l u e  o f  t h e  v o l u m e  d i v i d e d  b y  t h e  t i m e  p e r  s a m p l e  w a s  t a k e n  t o  c a l c u l a t e  t h e  
r a t e  o f  d e l i v e r y  o f  t h e  b u r e t t e  i n  c m 3 , s ' 1 .
4.6.3.2. Chemical calibration of the calorimeter.
T h e  p u i p o s e  o f  t h e  c h e m i c a l  c a l i b r a t i o n  o f  t h e  c a l o r i m e t e r  w a s  t o  v e r i f y  t h e  
r e p r o d u c i b i l i t y  a n d  a c c u r a c y  o f  t h e  e q u i p m e n t .  T h e  c h e m i c a l  c a l i b r a t i o n  c o n s i s t e d  o f  
m e a s u r i n g  t h e  e n t h a l p y  o f  p r o t o n a t i o n  o f  T H A M  ( t r i s [ h y d r o x y l - m e t h y l ] - a m i n o m e t h a n e ;  
0 . 2 5  m o l . d m ' 3 )  i n  a n  a q u e o u s  s o l u t i o n  o f  H C I 107 ( 0 . 1  m o l . d m ' 3 ) .  F o r  t h i s  p u i p o s e ,  t h e  
b u r e t t e  w a s  l o a d e d  w i t h  t h e  T H A M  s o l u t i o n  a n d  t i t r a t e d  i n t o  t h e  v e s s e l  c o n t a i n i n g  H C I  
( 5 0  m l ) .  T h e  f o l l o w i n g  c h e m i c a l  r e a c t i o n  t a k e s  p l a c e  ( e q . 2 1 ) :
H 2N C ( C H 20 H ) 3 (a , )  +  H 3 0 * (iK|, f r * .  H 3I +  C ( C H 2O H )3 ( < K #  +  H 2 0  (eq.21)
T h e  h e a t  o f  p r o t o n a t i o n  ( q p )  w a s  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  e q u a t i o n :
Op ~ Or - Oh "0 d (eq.2 2 )
I n  e q .  2 2 ,  q r d e n o t e s  t h e  t o t a l  h e a t  o b t a i n e d  ( J o u l e s ) ,  q h  t h e  h e a t  o f  h y d r o l y s i s  o f  T H A M  
i n  w a t e r  ( J o u l e s )  a n d  q (| d e n o t e s  t h e  h e a t  o f  d i l u t i o n  o f  T H A M  ( J o u l e s ) ,  q j  i s  c o n s i d e r e d  
a s  z e r o  a s  n o  h e a t  c o u l d  b e  o b s e r v e d .
T h e  h y d r o l y s i s  r e a c t i o n  o f  T H A M  i n  a q u e o u s  s o l u t i o n  i s  r e p r e s e n t e d  b y :
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THAM+Hfi^HTHAMAOH-
1 (eq.23)
T h e  h y d r o l y s i s  c o n s t a n t ,  K i „  i s  g i v e n  i n  e q .  2 4 :
K " -  P H A M ]   ( e q ' 2 4 )
I n  e q .  2 4 ,  [ O H  ] ,  [ T H A M ]  a n d  [ H T H A M + ]  a r e  t h e  m o l a r  c o n c e n t r a t i o n s  f o r  O H ’, T H A M  
a n d  H T H A M  i n  a q u e o u s  s o l u t i o n  r e s p e c t i v e l y .  K h  i s  t h e  h y d r o l y s i s  c o n s t a n t  o f  T H A M  i n  
a q u e o u s  s o l u t i o n  a t  2 9 8 . 1 5  K  ( - 5 . 9 2 9 ) 1 0 8
T h e  h e a t  o f  h y d r o l y s i s  ( q h )  o f  T H A M  i n  w a t e r  w a s  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  
e q u a t i o n :
q h = [ O H - ] x V x A h H °  (eq.25)
I n  e q .  2 5 ,  V  i s  t h e  v o l u m e  o f  T H A M  i n  d m 3 a n d  A h H °  i s  t h e  s t a n d a r d  e n t h a l p y  o f  w a t e r  
f o r m a t i o n  ( - 5 5 . 8 9  l c J . m o l ' 1) 107 a t  2 9 8 . 1 5  K .
T h e  v a l u e  o f  [ O H ' ]  i s  c a l c u l a t e d  b y  t h e  f o l l o w i n g  f o r m u l a :
[ O H  ]  =  ( K h  x  [ T H A M ] ) W  (eq.26)
T h e  e n t h a l p y  o f  p r o t o n a t i o n  w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  f o r m u l a :
A„.ff = ±  (eq.27)
I n  e q .  2 7 ,  n  i s  t h e  n u m b e r  o f  m o l e s  o f  T H A M  t i t r a t e d  i n  e a c h  a d d i t i o n  t o  t h e  a q u e o u s  
s o l u t i o n .
T h e  h e a t  o f  e a c h  t i t r a t i o n  w a s  r e c o r d e d  a n d  t h e  e n t h a l p y  o f  p r o t o n a t i o n  c a l c u l a t e d .
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4.6.4. Calorimetric Titrations
A  s o l u t i o n  o f  L l  ( ~ 1 . 0  x l O "3 m o l . d m ' 3 , 5 0 m l )  w a s  p l a c e d  i n s i d e  t h e  r e a c t i o n  v e s s e l  a n d  
t h e  b u r e t t e  w a s  f i l l e d  w i t h  t h e  m e t a l  i o n  s a l t  s o l u t i o n  ( ~ 4  x l O "2 m o l . d m ' 3 ) .  O n c e  t h e  
s y s t e m  h a s  r e a c h e d  t h e r m a l  e q u i l i b r i u m  ( 2 9 8 . 1 5  K ) ,  t h e  m e t a l  c a t i o n  s a l t  w a s  t i t r a t e d  i n t o  
t h e  v e s s e l  c o n t a i n i n g  t h e  l i g a n d  d i s s o l v e d  i n  t h e  s a m e  s o l v e n t  f o r  a  t i m e  * t \  T h e  h e a t  
r e l e a s e d  i n  t h i s  p e r i o d  o f  t i m e  w a s  a d j u s t e d  u s i n g  t h e  D i c k i n s o n ’ s  m e t h o d  o f  
e x t r a p o l a t i o n 1 0 9 . T h i s  a d j u s t m e n t  w a s  c a r r i e d  o u t  d u e  t o  t h e  f a c t  t h a t  t h e r e  i s  a  h e a t  
e x c h a n g e  b e t w e e n  t h e  r e a c t i o n  v e s s e l  a n d  t h e  s u r r o u n d i n g ;  t h e r e f o r e  t h i s  f a c t o r  c o n s i d e r s  
t h e  h e a t  p r o d u c e d  a t  6 3  %  o f  t h e  r e a c t i o n ,  d u e  t o  t h e  f a c t  t h a t  t h e  h e a t  e v o l u t i o n  d u r i n g  
t h e  r e a c t i o n  i s  e x p o n e n t i a l .  T h e  h e a t  p r o d u c e d  b y  t h e  r e a c t i o n  w a s  c a l c u l a t e d  f r o m  t h e  
f o l l o w i n g  e q u a t i o n ,
q = s.d (eq.28)
I n  e q .  2 8  ‘ q ’ r e p r e s e n t s  t h e  h e a t  p r o d u c e d  b y  t h e  r e a c t i o n  i n  J o u l e s ,  ‘ d ’ i s  t h e  d i s t a n c e  
m e a s u r e d  f r o m  t h e  t h e r m o g r a m  a n d  ‘ s ’ i s  t h e  h e a t  c a p a c i t y  o f  t h e  c a l o r i m e t r i c  s y s t e m  ( J  
K ' 1 ).
4.6.5. Electrical Calibration of the Calorimeter
T h e  e l e c t r i c a l  c a l i b r a t i o n  w a s  c a r r i e d  o u t  i n  o r d e r  t o  c o m p a r e  t h e  h e a t  r e l e a s e d  b y  t h e  
r e a c t i o n  a n d  a  k n o w n  a m o u n t  o f  h e a t  r e l e a s e d  b y  t h e  c a l o r i m e t e r .  T h e  e l e c t r i c a l  h e a t  
r e l e a s e d  d u r i n g  t h e  e l e c t r i c a l  c a l i b r a t i o n  w a s  m e a s u r e d  b y  t a l c i n g  t h e  r e a d i n g s  o f  t h e  
p o t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  s t a n d a r d  a n d  h e a t e r  r e s i s t a n c e  ( V i  a n d  V 2 r e s p e c t i v e l y ) .  
T o  b e  a b l e  t o  c o m p a r e  t h e  h e a t  r e l e a s e d  b y  t h e  r e a c t i o n  a n d  t h e  e l e c t r i c a l  h e a t ,  i t  i s  
n e c e s s a r y  t o  m e a s u r e  t h e  h e a t  c a p a c i t y  o f  t h e  c a l o r i m e t e r  s y s t e m  ‘ s ’ w h i c h  i s  t h e  
c a l i b r a t i o n  c o n s t a n t .  T h e r e f o r e ,  f r o m  e q . 2 9 ,  t h e  ‘ s ’ v a l u e  w a s  d e t e r m i n e d :
V V t
s = X r  ( e q -2 9 )
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I n  e q .  2 9 ,  R  r e p r e s e n t s  t h e  c a l o r i m e t r i c  i n t e r n a l  r e s i s t a n c e  ( R = 1 0 0 . 0 2  Cl) a n d  c d ’ t h e  
d i s t a n c e  o b t a i n e d  b y  t h e  h e a t  o f  t h e  e l e c t r i c a l  c a l i b r a t i o n  ( c o r r e c t e d  u s i n g  D i c k i n s o n ’ s  
m e t h o d  o f  e x t r a p o l a t i o n ,  b u t  i n s t e a d  o f  u s i n g  6 3  %  o f  t h e  h e a t  p r o d u c e d  b y  t h e  r e a c t i o n ,  
t h e  c a l c u l a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  5 0  %  o f  t h e  t e m p e r a t u r e  r i s e ) .
4.7. The 2277 Thermal Activity Monitor (2277 TAM) Microcalorimeter
T h e  2 2 7 7  T h e r m a l  A c t i v i t y  M o n i t o r  ( F i g .  2 7 )  w a s  d e s i g n e d  b y  S u u r k u u s k a  a n d  
W a d s o 1 1 0 . I t  i s  a  f o u r - c h a n n e l  h e a t  c o n d u c t i o n  m i c r o c a l o r i m e t e r  d e s i g n e d  t o  w o r k  i n  a  
m i c r o w a t t  r a n g e  u n d e r  i s o t h e r m a l  c o n d i t i o n s .  T h e  s e n s i t i v i t y  o f  t h e  m a c h i n e  h a s  t h e  
c a p a c i t y  t o  d e t e c t  t e m p e r a t u r e s  d i f f e r e n c e s  d o w n  t o  1 0 '6 ° C U 1 . T h e  h e a t  f l o w s  i n  o r  o u t  o f  
t h e  r e a c t i o n  v e s s e l  ( s t a i n l e s s  s t e e l  t i t r a t i o n  v e s s e l  w i t h  a  c a p a c i t y  o f  2.8  c m ' 3 )  t o / f r o m  t h e  
s u r r o u n d i n g  h e a t  s i n k .  A  t h e r m o p i l e  “ T h e  P e l t i e r  E l e m e n t ” , p o s i t i o n e d  b e t w e e n  t h e  
r e a c t i o n  v e s s e l  a n d  t h e  h e a t  s i n k ,  i s  a  s e n s o r  t h a t  c o n v e r t s  t h e  h e a t  e n e r g y  i n t o  a  v o l t a g e  
s i g n a l  p r o p o r t i o n a l  t o  t h e  h e a t  f l o w .
T h e  t i t r a n d  w a s  i n j e c t e d  i n t o  t h e  r e a c t i o n  v e s s e l  b y  a  g a s  t i g h t  H a m i l t o n  s y r i n g e  
c o n t r o l l e d  b y  t h e  c o m p u t e r  via  a n  o p e r a t e d  d r i v e  u n i t .  T h e  t h e r m a l  s t a b i l i t y  o f  t h e  
m e a s u r e m e n t  i s  c o n t r o l l e d  b y  a  w a t e r  t h e r m o s t a t  b a t h  w i t h  2 5  d m 3 o f  c a p a c i t y .
T h e  2 2 7 7  T A M  h a s  t h e  a d v a n t a g e  o f  h a v i n g  t e m p e r a t u r e  s t a b i l i t y  a n d  h i g h  s e n s i t i v i t y  t o  
m o n i t o r  l a r g e  p e r i o d s  o f  t i m e .  T h e s e  p r o p e r t i e s  a r e  e x t r e m e l y  i m p o r t a n t  a s  s o m e  
r e a c t i o n s  a r e  s l o w  a n d  t h e r e f o r e  t a k e  a  l a r g e  a m o u n t  o f  t i m e  t o  r e t u r n  t o  s t a b i l i t y .
T h e  d a t a  o b t a i n e d  f r o m  t h e  T h e r m a l  A c t i v i t y  M o n i t o r  w a s  c o l l e c t e d  a n d  p r o c e s s e d  u s i n g  
t h e  c o m p u t e r  s o f t w a r e  n a m e d  D i g i t a m  4 . 1 1 1 2 .
81
Experimental Part
Fig. 27. T h e  f o u r  c h a n n e l  c a l o r i m e t e r 1 1 1 , a )  E l e c t r i c  P a n e l ;  b )  i n n e r  l i d ;  c )  o u t e r -  
l i d ;  d )  w a t e r  b a t h ;  e )  t w i n  c a l o r i m e t e r ;  f )  p u m p  o u t l e t  t u b e ;  g )  p o l y u r e t h a n e  f o a m  
i n s u l a t i o n ;  h )  c e n t r i f u g a l
4.7.1. Calibration of 2277 Thermal Activity Monitor
4.7.1.1. Statical calibration of 2277 Thermal Activity Monitor
T h e  s t a t i c a l  c a l i b r a t i o n  f o r  t h e  2 2 7 7  T A M  w a s  c a r r i e d  o u t  i n  o r d e r  t o  e n s u r e  t h a t  t h e  h e a t  
g e n e r a t e d  b y  t h e  c a l i b r a t i o n  r e s i s t o r  i s  t h e  s a m e  a s  t h e  h e a t  m e a s u r e d  b y  t h e  i n s t r u m e n t .  
D u r i n g  t h e  s t a t i c a l  c a l i b r a t i o n ,  a  k n o w n  a m o u n t  o f  h e a t  i s  g e n e r a t e d  b y  t h e  p r e c i s i o n  
c a l i b r a t i o n  h e a t e r  r e s i s t o r  l o c a t e d  a t  t h e  b o t t o m  o f  t h e  r e a c t i o n  v e s s e l .
F o l l o w i n g  t h e  s t a t i c  c a l i b r a t i o n ,  a  s t a n d a r d  r e a c t i o n  w a s  c a r r i e d  o u t  t o  v e r i f y  t h e  a c c u r a c y  
o f  t h e  r e a d i n g s .
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4.7.I.2. Standard Reaction (Chemical Calibration) for the 2277 
Thermal Activity Monitor Calorimetry System.
T h e  s t a n d a r d  r e a c t i o n  s u g g e s t e d  b y  B r i g g n e r  a n d  W a d s o 113 c o n s i s t s  o f  t h e  d e t e r m i n a t i o n  
o f  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  o f  c o m p l e x a t i o n  o f  B a 2 +  ( a s  c h l o r i d e )  w i t h  1 8 - c r o w n - 6  
i n  w a t e r  a t  2 9 8 . 1 5  K .  A  s o l u t i o n  o f  1 8 - c r o w n - 6  ( 2 . 8  c m ' 3 , 4  x l O '4 m o l . d m ' 3 )  i n  a q u e o u s  
s o l u t i o n  w a s  p l a c e d  i n  t h e  r e a c t i o n  v e s s e l .  A n  a q u e o u s  s o l u t i o n  o f  B a C l 2 ( 9  x  1 0 '3 
m o l . d m ' )  w a s  t i t r a t e d  i n t o  t h e  r e a c t i o n  v e s s e l  a n d  t h e  h e a t  c h a n g e  w a s  r e c o r d e d .  T h e  h e a t  
o f  d i l u t i o n  w a s  o b t a i n e d  b y  t i t r a t i n g  B a C l 2 ( 9  x  10 '3 m o l . d m ' 3 )  i n t o  t h e  r e a c t i o n  v e s s e l  
c o n t a i n i n g  w a t e r  ( 2 . 8  c m ' 3 ) .  T h e  h e a t  o f  r e a c t i o n  w a s  c o r r e c t e d  b y  t h e  e f f e c t s  o f  t h e  h e a t  
o f  d i l u t i o n .
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5. Results and Discussion
U n d e r  t h i s  h e a d i n g  t h e  f o l l o w i n g  s e c t i o n s  w i l l  b e  d i s c u s s e d :
5.1. NMR characterization of ethyI-/?-te/Y-butyl-calix[4]arene-tetra- 
acetamide in different solvents at 298 K.
5.2. Solubility Studies on Calix[n] arene (n=4,5,6) amide Derivatives in Non- 
aqueous Solvents.5.3.
5.3.1H NMR studies of LI with metal cations in different solvents at 298 K.
5.4. Conductometric titrations of metal cations with LI, L2 and L3 in 
methanol and acetonitrile at 298.15 K.
5.5. Calorimetric titrations of LI, L2 and L3 with metal cations in different 
solvents at 298.15 K.
T h e  l i g a n d s  LI ( e t h y l - / ? ~ t e r / - b u t y l - c a l i x [ 4 ] a r e n e - t e t r a - a c e t a m i d e ) ,  L2 ( e t h y l - p / e r t - b u t y l -  
c a l i x [ 5 ] a r e n e - p e n t a - a c e t a m i d e )  a n d  L3 ( e t h y l - p - t e r r t b u t y  1 - c a l i x [ 6] a r e n e - h e x a - a c e t a m i d e )  
( F i g .  2 2 ,  S e c t i o n  3 . 3 )  w e r e  s u c c e s s f u l l y  s y n t h e s i s e d  u s i n g  t h e  m e t h o d s  d e s c r i b e d  i n  t h e  
E x p e r i m e n t a l  P a r t .  T h e  s y n t h e t i c  p r o c e d u r e  f o r  t h e  f u n c t i o n a l i z a t i o n  o f  t h e  p -te r t- b u t y l -  
c a l i x [ n ]  a r e n e s  w i t h  t h e  a c e t a m i d e  f u n c t i o n s  i s  s i m i l a r  t o  t h e  o n e  r e p o r t e d  f o r  t h e  s y n t h e s i s  
o f  / ? - t e r / - b u t y l - c a l i x [ 4 ] a r e n e  k e t o n e  d e r i v a t i v e s  p r o p o s e d  b y  D a n i l  d e  N a m o r  e t a l114, 
u s i n g  p o t a s s i u m  c a r b o n a t e  a s  a  b a s e  a n d  1 8 - c r o w n - 6  a s  t h e  p h a s e  t r a n s f e r  c a t a l y s t  i n  
M e C N .  F o l l o w i n g  t h e  s y n t h e s i s ,  t h e  c h a r a c t e r i z a t i o n  o f  t h e  c o m p o u n d s  w a s  c a r r i e d  o u t  
b y  N M R  (LI a n d  L2) a n d  e l e m e n t a l  a n a l y s i s  (LI, L2 a n d  L3) i n  o r d e r  t o  c o r r o b o r a t e  
t h e  s u c c e s s f u l  s y n t h e s i s  o f  t h e s e  c o m p o u n d s  a n d  t h e i r  p u r i t y .
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5.1. 1H NMR characterization of ethyl-/?-fer/~butyI-calix[4]arene-tetra-acetamide 
in different solvents at 298 K
*H NMR measurements for L l in CD3C1, CD3CN and CD3OD were earned out in order 
to confirm the successful synthesis of this compound. Fig. 28 shows the JH NMR spectra 
for the ethyl-/?-ter/-butyl-calix[4]arene-tetra-acetamide in CDCI3 at 298 K. Table 18 
shows the values obtained (ppm) for the *H NMR of L l in CDC13, CD3CN and CD3OD 
at 298 K.
6,7
8,9.
J
Fig. 28. ^  NMR spectrum for L l in CD3C1 at 298 K.
The *H NMR spectrum shows all the corresponding peaks for L l. The axial and 
equatorial protons (3 and 4 respectively) corresponding to the methylene bridge are non­
equivalent and appear as a pair doublets. This is characteristic of the parent p-tert-hutyl- 
calix[4]arene when the macrocycle is in a ‘cone’ conformation in solution115. The axial 
will tend to appear at the downfield of the spectrum because it is closer to the ethereal 
oxygen in the lower rim of the calixarene, and therefore it is de-shielded. The difference 
between the chemical shifts of the axial and the equatorial protons (ASax.eq), provides 
information related to the flattening of the cone35 For this macrocycle in this solvent and
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a t  2 9 8  K  a  v a l u e  o f  1 . 9 5  p p m  i s  o b t a i n e d .  T h i s  d i f f e r e n c e  f o r  t h e  p a r e n t  c a l i x [ 4 ] a r e n e  i n  a  
p e r f e c t  ‘ c o n e ’ c o n f o r m a t i o n  i s  a r o u n d  0 . 9 0  p p m .  C o m p a r i s o n  o f  d a t a  f o r  t h e p -te r t- b u t y l -  
c a l i x [ 4 ] a r e n e - m e t h y l - k e t o n e 114 i n  C D C I 3, w h e r e  t h e  d i s t a n c e  i s  a r o u n d  1 . 8 0  p p m  ( s i m i l a r  
t o  t h e  o n e  o b t a i n e d  f o r  Ll), s e e m s  t o  i n d i c a t e  t h a t  t h e  a r o m a t i c  r i n g s  i n  t h e  u p p e r  r i m  a r e  
f o r c e d  t o  a d o p t  a  p a r a l l e l  p o s i t i o n  b e t w e e n  e a c h  o t h e r .  T h e  m e t h y l e n e  p r o t o n  ( 5 )  i s  
s h i f t e d  d o w n f i e l d  d u e  t o  t h e  p r e s e n c e  o f  t h e  c a r b o n y l  a n d  e t h e r e a l  o x y g e n s  i n  t h e  l o w e r  
r i m ,  b o t h  t e n d  t o  d e - s h i e l d  t h i s  p r o t o n .  T h e  a r o m a t i c  p r o t o n  ( 2 )  a p p e a r s  a s  a  s i n g l e t  i n  t h e  
d o w n f i e l d  r e g i o n  o f  t h e  s p e c t r u m .  T h e  t e / 7 - b u t y l  p r o t o n  ( 1 )  a p p e a r s  i n  t h e  u p f i e l d ,  
f o l l o w i n g  t h e  s a m e  b e h a v i o u r  a s  t h a t  f o u n d  i n  t h e  N M R  s p e c t r u m  o f  t h e  p a r e n t  
c a l i x [ 4 ] a r e n e .  P r o t o n s  6 a n d  7  o v e r l a p  e a c h  o t h e r  a p p e a r i n g  a s  a  m u l t i p l e t  a r o u n d  3 . 3 5  
p p m .  T h e  a m i d e  n i t r o g e n s  t e n d  t o  p u l l  p r o t o n s  6 a n d  7  d o w n f i e l d  w h i l e  p r o t o n s  8 a n d  9  
a p p e a r  a s  a  t r i p l e t ,  a l s o  o v e r l a p p i n g  e a c h  o t h e r .
Table. 18. !H N M R  d a t a  f o r  L l i n  C D 3C 1 ,  C D 3 C N  a n d  C D 3O D  a t  2 9 8  K .
5/ppm
t I***
(TV 1 2 3 4 5 6 7 8 9
I 0 -’
_  6\a  _
Ht-bu
4
Har Hax Heq H c H2 H n -CH2 H n -CH2 H cH3 H c H3
CDCI3 1.09 6.79 5.22 3.21 5.06 3.35 3.35 1.16 1.16
c d 3c n 1.19 7.13 5.26 3.24 5.01 3.38 3.38 1.10 1.10
CD30D 1.09 6.82 4.96 3.18 4.96 3.38 3.44 1.13 1.18
I n  C D 3C N ,  a  c h e m i c a l  s h i f t  c h a n g e  ( A S )  i s  f o u n d  f o r  t h e  t e r A b u t y l  a n d  a r o m a t i c  p o s i t i o n s  
p r o t o n s  r e l a t i v e  t o  t h e  c o r r e s p o n d i n g  p r o t o n s  o b s e r v e d  i n  t h e  ! H  N M R  s p e c t r u m  o f  t h i s  
l i g a n d  i n  C D C I 3. T h i s  b e h a v i o u r  w a s  a l s o  f o u n d  i n  t h e  * H  N M R  s p e c t r u m  o f  o t h e r
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calix[4]arene derivatives (ketones and esters) in the same solvent1 14 ,116 ' 1 17  and was 
attributed to an interaction taking place at the hydrophobic cavity of the ligand with the 
solvent leading to a pre-organization of the macrocycle. The chemical shifts in C D 3C N  
for the remaining protons relative to their corresponding protons in C D C I 3, show 
insignificant variations.
The *H NMR spectrum in CD3OD shows no significant chemical shift changes relative to 
the spectrum of this ligand in CDC13. in the fert-butyl and aromatic protons. The most 
appreciable difference between these two solvents (CD3OD and CDC13) is the splitting of 
proton 8 in CD3OD. In CDCI3 protons 8 and 9 appear overlapping each other at 3.38 
ppm, while in CD3OD, these protons are found at 1.13 and 1.18 ppm respectively. The 
same behaviour was observed for protons 6  and 7 (3.38 and 3.44 ppm respectively). This 
behaviour can be attributed to an interaction between the solvent and the pendant arms of 
the ligand at the lower rim.
Having characterised L l through *H NMR in different solvents, as well as the solvent- 
ligand interaction, solubility studies were carried out.
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5.2. Solubility Studies on Calix[n]arene (n=4,5,6) Amide Derivatives in Non- 
aqueous Solvents.
S o l u b i l i t y  m e a s u r e m e n t s  a r e  u s e f u l  f o r  t w o  p u r p o s e s ,
i) T o  s e l e c t  t h e  m e d i u m  i n  w h i c h  c a t i o n - l i g a n d  i n t e r a c t i o n s  c a n  b e  i n v e s t i g a t e d
ii) T o  d e t e r m i n e  t h e  s t a n d a r d  G i b b s  e n e r g i e s  o f  s o l u t i o n ,  A S G °  o f  t h e s e  l i g a n d s  i n
t h e  v a r i o u s  s o l v e n t s  a n d  t o  c a l c u l a t e  t h e  s t a n d a r d  t r a n s f e r  G i b b s  e n e r g y  f o r  
t h e s e  r e c e p t o r s  f r o m  a  r e f e r e n c e  s o l v e n t  ( s Q  t o  a n o t h e r  s o l v e n t  ( s 2 ) .  T h i s
p a r a m e t e r  p r o v i d e s  i n f o r m a t i o n  r e g a r d i n g  t h e  d i f f e r e n c e  i n  s o l v a t i o n  o f  a
s o l u t e  ( i n  t h i s  c a s e  t h e  l i g a n d s )  b e t w e e n  t w o  s o l v e n t s .  T h e  s o l v a t i o n  o f  t h e  
l i g a n d  h a s  i m p l i c a t i o n s  o n  c a t i o n  c o m p l e x a t i o n  p r o c e s s e s  a s  p r e v i o u s l y  
d i s c u s s e d  ( I n t r o d u c t i o n ,  S e c t i o n  1 . 3 ) .
S o l u b i l i t y  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  u s i n g  t h e  t e c h n i q u e  m e n t i o n e d  i n  t h e  
E x p e r i m e n t a l  S e c t i o n .  T h e  s o l u b i l i t y  d a t a  i s  r e f e r r e d  t o  t h e  p r o c e s s  i n  w h i c h  t h e  l i g a n d  i n  
t h e  s o l i d  s t a t e  i s  i n  e q u i l i b r i u m  w i t h  i t s  s a t u r a t e d  s o l u t i o n  a s  s h o w n  i n  e q .  3 0 :
L  ( s o l i d )  — »  L  ( s o I n )  . . .  (eq.30)
I n  e q .  3 0 ,  L  ( s o l i d )  a n d  L  ( s o l n )  d e n o t e  t h e  l i g a n d  i n  t h e  s o l i d  s t a t e  a n d  i n  i t s  s a t u r a t e d  
s o l u t i o n ,  r e s p e c t i v e l y .
T h e  s t a n d a r d  s o l u t i o n  G i b b s  e n e r g y ,  A S G ° ,  f o r  a  l i g a n d  i n  a  g i v e n  s o l v e n t  a n d  t e m p e r a t u r e  
c a n  b e  c a l c u l a t e d  f r o m  t h e  s o l u b i l i t y  p r o v i d e d  t h a t  t h e  c o m p o s i t i o n  o f  t h e  s o l i d  i n  
e q u i l i b r i u m  w i t h  i t s  s a t u r a t e d  s o l u t i o n  i s  t h e  s a m e :
ASG ° = - R T \ n a L ~ - R T  1 n [L ] /L . . .(eq.31)
I n  e q .  3 1 ,  R ,  T ,  aL, a n d  y L  d e n o t e s  t h e  u n i v e r s a l  g a s  c o n s t a n t  ( 8 . 3 1 6  J . m o l ^ . I C 1 ) ,  
t e m p e r a t u r e  ( K ) ,  a c t i v i t y  a n d  a c t i v i t y  c o e f f i c i e n t  ( m o l a r  s c a l e )  r e s p e c t i v e l y .
T h e  a c t i v i t y  c o e f f i c i e n t  ( m o l a r  s c a l e ) ,  y ^  c a n  b e  a s s u m e d  a s  u n i t y  p r o v i d e d  t h a t  l o w  
c o n c e n t r a t i o n s  ( < 1 0 '2 m o l  d m ' 3 )  a r e  b e i n g  u s e d .  T h u s  t h e  s o l u b i l i t y  o f  t h e  l i g a n d  o n  t h e  
m o l a r  s c a l e  i s  r e f e r r e d  t o  t h e  s t a n d a r d  s t a t e  o f  1  m o l . d m ' 3 . T h e r e f o r e ,  e q .  3 1  c a n  b e  
e x p r e s s e d  a s  f o l l o w s :
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A ,  G ° =  -R T \n [L ] ...(eq.32)
S o l u t i o n  p r o c e s s e s  i n v o l v e  t h e  c o n t r i b u t i o n  o f  t h e  c r y s t a l  l a t t i c e  a n d  t h e  s o l v a t i o n  G i b b s
e n e r g i e s .  T h e  G i b b s  e n e r g y  o f  c r y s t a l  l a t t i c e ,  A c i G ° ,  c a n  b e  e l i m i n a t e d  b y  c a l c u l a t i n g  t h e  
s t a n d a r d  t r a n s f e r  G i b b s  e n e r g y ,  A tG ° ,  o f  a  s o l u t e  f r o m  a  r e f e r e n c e  s o l v e n t  ( s i )  t o  a n o t h e r  
s o l v e n t  ( s 2 ) .  T h i s  p r o c e s s  i s  s h o w n  i n  S c h e m e  7 :
I n  e q . 3 3  , A s G ° ( s i )  a n d  A s G 0( s 2 )  d e n o t e  t h e  s t a n d a r d  G i b b s  e n e r g y  o f  s o l u t i o n  o f  t h e  
l i g a n d  i n  t h e  r e f e r e n c e  ( s j )  a n d  t h e  r e c e i v i n g  s o l v e n t  ( s 2 )  r e s p e c t i v e l y .  K t i s  t h e  
t h e r m o d y n a m i c  t r a n s f e r  c o n s t a n t  o b t a i n e d  f r o m  t h e  r a t i o  o f  s o l u b i l i t i e s  o f  t h e  l i g a n d  i n  
t h e  t w o  s o l v e n t s  ( s i  a n d  s 2 ) .
S o l u b i l i t y  d a t a  ( m o l a r  s c a l e )  f o r  L l, L2 a n d  L3 i n  v a r i o u s  s o l v e n t s  a t  2 9 8 . 1 5  I C  a r e  
s u m m a r i z e d  i n  T a b l e  1 6 .  S t a n d a r d  G i b b s  e n e r g i e s  o f  s o l u t i o n  ( c a l c u l a t e d  u s i n g  e q .  3 1 )  
a n d  t h e  s t a n d a r d  G i b b s  e n e r g y  o f  t r a n s f e r  f o r  L l ,  L 2  a n d  L 3  f r o m  a  r e f e r e n c e  s o l v e n t  
( a c e t o n i t r i l e )  t o  o t h e r  s o l v e n t s  ( e q .  3 3 )  a r e  a l s o  r e p o r t e d  i n  T a b l e  1 6 .  T h e  d a t a  p r e s e n t e d  
i n  t h e  T a b l e  a r e  t h e  r e s u l t  o f  t h r e e  a n a l y t i c a l  m e a s u r e m e n t s  e a r n e d  o u t  o n  t h e  s a m e  
s a t u r a t e d  s o l u t i o n .  T h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d a t a  i s  a l s o  i n c l u d e d  i n  t h i s  T a b l e  a n d  i t  
w a s  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  e q u a t i o n  ( e q .  3 4 ) :
Scheme 7 .  T h e r m o d y n a m i c  c y c l e  i n v o l v i n g  c r y s t a l  l a t t i c e ,  s o l v a t i o n  a n d  
s o l u t i o n  p r o c e s s e s .
T h e r e f o r e ,  t h e  A tG °  c a n  b e  e x p r e s s e d  a s  f o l l o w s  ( e q .  3 3 ) .
A tG ° ( ^ - s 2) =  AsG °(s2) -  A sG °(s 1 )  =  - R T ln K , ... (eq.33)
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cr !X ( x , -x ) 2
0 - 1)
...(eq.34)
I n  e q .  3 4 ,  a, x h x ,  a n d  n d e n o t e s  t h e  s t a n d a r d  d e v i a t i o n ,  t h e  o b t a i n e d  s o l u b i l i t y ,  t h e  
a v e r a g e  s o l u b i l i t y  a n d  t h e  n u m b e r  o f  m e a s u r e m e n t s  p e r f o r m e d .
Table. 16. S o l u b i l i t i e s  a n d  s t a n d a r d  G i b b s  e n e r g i e s  o f  s o l u t i o n  o f  L l, L2 a n d  L3 i n  
d i f f e r e n t  s o l v e n t s  a t  2 9 8 . 1 5  K .  S t a n d a r d  t r a n s f e r  G i b b s  e n e r g i e s  f r o m  a c e t o n i t r i l e  
t o  o t h e r  s o l v e n t s .
L1: n=4
L2: n=5 
L3: n=6
Solvent Solubility
mol.dm'3 kJ.mol'1
At G° (MeCN->s)
L1 L2a L3 L1 L 2 S L3 L1 L2 L3a
DIV
i
P C  
i-H ex 
M e C N  
Tol 
EtOlH 
tfeOH
( 2.8 ±  0. 1 ) x l 0"2 — b
( 3 . 8  ±  0 . 1 ) x l 0 "3 2 . 6  x l O *3
4 . 3  x  1 0 '4
( 8 . 1  ±  0 . 3  ) x l 0 '4 4 . 1  x l O '3
2.8 x  10'2
( 2 . 0  ±  0 . 2 )  x  1 0 '4 9 . 0  ± 0 . 2
1 3 . 8  ±  
0.1
2 1 . 1  ± 0 . 3  - 8 . 7 1 . 9
( 4 . 2  ±  0 . 4 )  x  1 0 '4 
( 1 . 1  ±  0 . 3 )  x  1 0 '2
( 4 . 1  ±  0 . 2 )  x  1 0 '3 3 . 3  x  1 0 '3 ( 2 . 9 1  ±  0 . 3 )  x  1 0 '3
( 6 . 2  ±  0 . 2 )  x  1 O '3 2 . 7  x  1 0 '3 ( 1 . 5  ±  0 . 2 )  x  1 0 '3
—   —   H  '  — ------------ — ----------- — ------------- -
R e f .  6 9 .  S o l v a t e  f o r m a t i o n  w a s  o b s e r v e d .
1 7 . 9  ±  
0 . 3
1 3 . 9  ±  
0.1 
1 2 . 8  ±  
0.1
1 4 . 8 — - 3 . 5 1.1 —
1 9 . 4 — — 5 . 7 —
1 3 . 7 1 9 . 3  ± 0 . 7 0 0 0
9 . 1 1 1 . 2  ± 0 . 3 - 4 . 6 - 8.0
1 6 . 6 1 4 . 5  ± 0 . 3 - 4 2 . 9 - 4 . 8
1 4 . 8 1 6 . 1  ± 0.2 - 5 1.1 - 3 . 1
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S o l u b i l i t y  d a t a  f o r  L I ,  L 2  a n d  L 3  i n  d i f f e r e n t  s o l v e n t s  s h o w  t h e  f o l l o w i n g  s e q u e n c e :
L I : D M F  >  M e O H  >  E t O H  >  P C  >  M e C N
L 2 :  T o l  >  M e C N  >  E t O H  >  M e O H  ~  P C  >  n - H e x
L 3 : T o l  >  E t O H  >  M e O H  >  M e C N  >  D M F
T h e  X - r a y  c r y s t a l l o g r a p h i c  s t r u c t u r e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  L I  r e c r y s t a l l i s e d  i n  
D M F E l l 0 l !  B o o k m a , k  n o t  d e f i n e d .  a r K j E t O H 118 s h o w  c o n f o r m a t i o n a l  c h a n g e s  f r o m  o n e  s o l v e n t  
r e l a t i v e  t o  t h e  o t h e r .  T h u s  t h e  s t r u c t u r e  o f  L I  r e c r y s t a l l i s e d  f r o m  D M F  s h o w s  a  m o r e  
s y m m e t r i c a l  c o n f o r m a t i o n  a s  c o m p a r e d  t o  t h e  o n e  o b t a i n e d  i n  E t O H .  T h e  c a r b o n y l  
g r o u p s  o f  L I  i n  t h e  f o r m e r  s o l v e n t  s e e m  t o  b e  b e t t e r  p r e - o r g a n i s e d  t h a n  i n  t h e  a l c o h o l  f o r  
c a t i o n  c o m p l e x a t i o n  a s  t h e s e  g r o u p s  a r e  s l i g h t l y  t u r n e d  i n w a r d s .  T h e r e  i s  n o  e v i d e n c e  o f  
s o l v e n t  i n c l u s i o n  i n  t h e  h y d r o p h o b i c  c a v i t y  o f  L I  w h e n  r e c r y s t a l i s e d  f r o m  D M F  o r  
E t O H .  L I  s h o w s  a  b e t t e r  s o l u b i l i t y  i n  D M F ,  M e O H ,  E t O H ,  P C  a n d  M e C N  t h a n  t h e  
p a r e n t  c a l i x a r e n e  ( p - t e r t - b u t y  1 - c a l i x [ 4 ] a r e n e ) . A s  f a r  a s  L 3  i s  c o n c e r n e d ,  s o l u b i l i t i e s  i n  
T o l ,  E t O H ,  M e O H  a r e  h i g h e r  t h a n  t h o s e  f o r  t h e  p a r e n t  c o m p o u n d  i n  t h e  f o r m e r  r e l a t i v e  t o  
t h e  l a t t e r  s o l v e n t .  H o w e v e r  t h e  o p p o s i t e  t r e n d  i s  o b s e r v e d  i n  M e C N  a n d  D M F .  G e n e r a l l y  
s p e a k i n g  h i g h e r  s o l u b i l i t i e s  i n  t h e  a l c o h o l s  a r e  f o u n d  f o r  t h e  c a l i x [ n ] a r e n e  a m i d e  
d e r i v a t i v e s  t h a n  f o r  p a r e n t  c a l i x [ n ] a r e n e s .  T h i s  i s  d u e  t o  t h e  s t r o n g  h y d r o g e n  f o r m a t i o n  
b e t w e e n  t h e  O H  o f  t h e  p a r e n t  c a l i x a r e n e s  ( i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g ) ,  w h i l e  t h e  
s u b s t i t u t e d  c a l i x a r e n e  a m i d e s  d e r i v a t i v e s  m i g h t  i n t e r a c t  t h r o u g h  h y d r o g e n  b o n d  
f o r m a t i o n  w i t h  t h e  h y d r o g e n s  o f  t h e  a l c o h o l s  v ia  t h e  e t h e r e a l  o r  t h e  c a r b o n y l  g r o u p s  
( i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g ) .  T h e  b a s i c i t y  o f  t h e  f u n c t i o n a l  g r o u p s ,  r e f l e c t e d  i n  t h e  
p K a  v a l u e s ,  w i l l  c o n t r i b u t e  t o  t h e  s o l u b i l i t y  o f  t h e  l i g a n d .  T h e  p K a  v a l u e s  i n  D M S O  f o r  
c o m m o n  f u n c t i o n a l  g r o u p s  l i k e  k e t o n e s ,  e s t e r s  a n d  N , N ~ d i e t h y l a c e t a m i d e  ( p K a  - 2 6 . 5 1 1 9 , 
2 9 . 5  a n d  3 5  r e s p e c t i v e l y ) ,  s h o w  t h a t  t h e  a m i d e  g r o u p  i s  m o r e  b a s i c  t h a n  t h e  k e t o n e  o r  
t h e  e s t e r .  T h e  t r e n d  o b s e r v e d  i n  D M S O  f o r  t h e  a c i d i t y / b a s i c i t y  o f  t h e s e  f u n c t i o n a l  g r o u p s  
s h o u l d  b e  s i m i l a r  f o r  o t h e r  s o l v e n t s .
91
Results and Discussion
Calix[4]arene
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Calix[4]arene
ester
Basicity
Calix[4]arene
Amide
R e p o r t e d  d a t a  f o r  t h e  s o l u b i l i t y  a n d  s t a n d a r d  G i b b s  e n e r g y  o f  s o l u t i o n  f o r  c a l i x  [ 4 ]  a r e n e  
e s t e r s 44 a n d  k e t o n e s 114 i n  m e t h a n o l  a r e  s h o w n  i n  T a b l e  1 7 .  A s  e x p e c t e d ,  t h e  g r o u p  w i t h  
t h e  h i g h e s t  b a s i c i t y  ( a m i d e )  h a s  t h e  h i g h e s t  s o l u b i l i t y  i n  m e t h a n o l  w h i l e  t h e  o n e  w i t h  t h e  
l o w e s t  b a s i c i t y  ( k e t o n e )  h a s  t h e  l o w e s t  s o l u b i l i t y  i n  t h e  s a m e  s o l v e n t .
Table. 17. S o l u b i l i t i e s  a n d  s t a n d a r d  G i b b s  e n e r g y  o f  s o l u t i o n  f o r  c a l i x [ 4 ] a r e n e  
d e r i v a t i v e s  i n  m e t h a n o l  a t  2 9 8 . 1 5  K .
Ligand Solubility ASG°
(mol.dm'3) (kJ mol'1)
C a l i x  [ 4 ]  a r e n e  k e t o n e 3 4 . 6 2 x 1  O '4 1 9 . 0 4
C a l i x [ 4 ] a r e n e  e s t e r b 3 . 6 5  x  I O '3 1 3 . 9 1
C a l i x [ 4 ] a r e n e  a m i d e  (L l)c 6 . 2 x 1  O '3 12.8
" R e f .  4 4 ;  b R e f .  1 1 4 ;  " T h i s  w o r k .
S o l u b i l i t i e s  i n  m e t h a n o l  f o r  L l, L2 a n d  L3, s h o w  a  d e c r e a s i n g  v a l u e  a s  t h e  n u m b e r  o f  
s u b s t i t u t e d  p h e n o l  u n i t s  i n c r e a s e s .  T h i s  c a n  b e  a s s o c i a t e d  w i t h  t h e  c r y s t a l  l a t t i c e  G i b b s  
e n e r g y ,  w h i c h  m i g h t  i n c r e a s e  a s  t h e  n u m b e r  o f  p h e n o l  u n i t s  i n c r e a s e s ,  a n d  t h i s  i s  
r e f l e c t e d  i n  t h e  m e l t i n g  p o i n t  o f  t h e  l i g a n d s  ( M e l t i n g  p o i n t s :  L l  =  1 9 6  ° C ;  L 2  =  2 4 1  ° C  
a n d  L 3  =  2 5 4  ° C ) .  T h e  s a m e  p a t t e r n  o b s e r v e d  i n  m e t h a n o l  i s  f o u n d  i n  E t O H ,  a l t h o u g h  t h e  
s o l u b i l i t y  c h a n g e s  i n  t h e  l a t t e r  s o l v e n t  a r e  n o t  s o  p r o n o u n c e d  a s  t h o s e  i n  t h e  f o r m e r
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s o l v e n t .  A  h i g h  s o l u b i l i t y  i n  M e C N  w a s  o b s e r v e d  f o r  t h e  c y c l i c  p e n t a m e r .  T h i s  c a n  b e  
a t t r i b u t e d  t o  a  h i g h e r  i n t e r a c t i o n  o f  L3 w i t h  a c e t o n i t r i l e ,  a l t h o u g h  t h e r e  i s  n o  
e x p e r i m e n t a l  o r  m o d e l i n g  e v i d e n c e  a v a i l a b l e  t o  s u p p o r t  t h i s  s t a t e m e n t .  F o r  p a r e n t  
c a l i x [ n ] a r e n e s ,  a  h i g h e r  s o l u b i l i t y  i n  a c e t o n i t r i l e  f o r  t h e  u n s u b s t i t u t e d  p e n t a m e r  i s  a l s o  
o b s e r v e d  a n d  a  d e c r e a s e  i n  s o l u b i l i t y  i s  f o u n d  a s  t h e  n u m b e r  o f  p h e n o l  u n i t s  i n c r e a s e s  
( T a b l e  2 ,  S e c t i o n  2 . 2 ) .  T h e  a m i d e  s u b s t i t u t e d  c a l i x a r e n e s  s e e m  t o  f o l l o w  t h e  s a m e  
s e q u e n c e  f o r  t h e  s o l u b i l i t y  i n  a c e t o n i t r i l e .  U n d o u b t e d l y  t h e  d i f f e r e n t  c o n f o r m a t i o n s  o f  
t h e s e  l i g a n d s  i n  s o l u t i o n  a p p e a r  t o  p l a y  a  r o l e  i n  t h e  d i f f e r e n t  t r e n d s  o f  s o l v a t i o n  f o u n d  a s  
t h e  n u m b e r  o f  s u b s t i t u t e d  p h e n o l  u n i t s  i n  t h e i r  s t r u c t u r e  i n c r e a s e s .  H o w e v e r ,  i t  s h o u l d  b e  
e m p h a s i z e d  t h a t  a l t h o u g h  A tG °  v a l u e s  r e f l e c t  t h e  s o l v a t i o n  d i f f e r e n c e s  o f  a  g i v e n  l i g a n d  
i n  t w o  s o l v e n t s ,  t h e y  d o  n o t  p r o v i d e  a n y  d i r e c t  i n f o r m a t i o n  a b o u t  t h e  s i t e  o f  t h e  l i g a n d -  
s o l v e n t  i n t e r a c t i o n .  N e t h e r t h e l e s s  t h e s e  a r e  i m p o r t a n t  p a r a m e t e r s  t o  i n v e s t i g a t e  a s  t h e y  
h a v e  i m p l i c a t i o n s  f o r  s o l v a t i o n  o n  t h e  c a t i o n  c o m p l e x a t i o n  p r o c e s s e s .
H a v i n g  d e t e r m i n e d  t h e  s o l u b i l i t i e s  o f  L l, L2 a n d  L3 i n  d i f f e r e n t  s o l v e n t s  a t  2 9 8 . 1 5  K ,  * H  
N M R  i n t e r a c t i o n s  o f  L l w i t h  u n i  a n d  b i v a l e n t  m e t a l  c a t i o n s  w e r e  i n v e s t i g a t e d  a c c o r d i n g  
t o  t h e  p r o c e d u r e  m e n t i o n e d  i n  t h e  E x p e r i m e n t a l  S e c t i o n .  T h e  f o l l o w i n g  s e c t i o n  d e a l s  w i t h  
t h e  d a t a  o b t a i n e d  f r o m  N M R  c o m p l e x a t i o n  s t u d i e s  a n d  t h e  r e s u l t s  a r e  d i s c u s s e d  i n  
n e x t  S e c t i o n .
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5.3. 1H NMR studies of L l with metal cations in different solvents at 298 K.
5.3.1. *H NMR studies of L l with metal cations in CD3CN at 298 K.
T a b l e  1 8  s h o w s  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  * H  N M R  s t u d i e s  b e t w e e n  L l  a n d  m e t a l  
c a t i o n s  ( a s  p e r c h l o r a t e s )  i n  C D 3C N .
Table. 18. A 8 , c h a n g e s  i n  t h e  N M R  c h e m i c a l  s h i f t s  o f  L l b y  t h e  a d d i t i o n  o f  m e t a l  
c a t i o n - s a l t s  (  a s  p e r c h l o r a t e s )  i n  C D 3 C N  a t  2 9 8  K .
Results and Discussion  _________________________
L1 (CD3CN)
Metal
cation A5/ppm
1 2 3 4 5 6 7 8 9
Li+ 0.04 0.21 -0.66 0.17 -0.28 0.06 -0.17 0.06 0.06
Na+ 0.04 0.23 -0.77 0.14 -0.45 0.06 -0.24 0.08 0.05
K+ 0.06 0.25 -0.63 0.17 -0.38 0.07 -0.18 0.09 0.06
Rb+ 0.05 0.23 -0.63 0.14 -0.29 0.07 -0.18 0.08 0.05
Cs+ 0.04 0.24 -0.79 0.17 -0.42 0.10 -0.20 0.09 0.03
Ag+ 0.11 0.49 -0.34 0.28 -0.36 0.13 -0.18 0.06 overlap
Mg2+ 0.04 0.24 -1.23 overlap overlap overlap -0.13 overlap 0.10
Ca2+ 0.05 0.35 -1.11 0.34 -0.22 0.11 overlap overlap 0.08
Sr2* 0 .05 0.36 -1.05 0.37 -0.24 0.11 -0.17 — 0.09
Ba2+ 0.08 0.36 -1.05 0.29 -0.26 0.18 -0.18 overlap 0.07
Pb2+ 0.07 0.37 -1.01 0.38 -0.12 0.14 -0.12 overlap 0.10
Zn2+ 0.06 0.29 -1.19 0.26 -0.36 0.15 -0.11 overlap 0.11
3d2+ 0.06 0.29 -1.19 0.26 -0.36 0.15 -0.11 overlap 0.09
0.07 0.33 -1.11 0.33 overlap overlap -0.12 overlap 0.10
R esults and  D iscussion
LI interacts w ith mono and bivalent metal cations tested in this solvent. This is reflected 
in the differences in the chemical shifts (A5) o f LI resulting from the addition o f the 
metal cation salt to LI in this solvent. Thus the addition o f monovalent metal cation salts 
lead to a strong deshielding effect on the aromatic protons (2 ) and equatorial protons (4 ). 
These conformational changes might be attributed to i) an interaction o f die metal cation 
with the lower rim  (functionalised sites) ii)  the solvent effect resulting from the hosting 
ability o f the hydrophobic cavity for the solvent which is likely to be altered upon 
complexation w ith the cation. Strong shielding effects were observed for protons 3, 5 and 
7. These effects can be also attributed to the presence o f the metal cation in the lower rim 
o f the cavity, moving the pendant arms towards the inner region. This means that an 
interaction is talcing place between the cation and the carbonyl or the ethereal oxygens or 
both, preesent in the hydrophilic cavity o f the ligand.
The degree o f “ flattening”  o f the cone given by the difference between the chemical 
shifts o f the axial and equatorial protons (A8ax-eq) can also be assessed when complex 
formation w ith metal cations occurs. Thus the difference in the chemical shifts between 
the axial and equatorial protons (A5ax-eq) for monovalent metal cations is around 1 .1 1 - 
1.51 ppm. As far as alkali-metal cations are concerned the level o f distortion o f the 
conformation o f the calixarene amide derivative upon complexation o f L I with these 
cations decreases down the Group. Thus for Na+, the value obtained for the A8ax.eq was
1 . 1 1  ppm which suggest that the conformation o f the sodium-ligand complex is close to a 
“perfect-cone”  conformation (A5ax.eq =0.90 ppm). The conformations adopted upon 
complexation with the rest o f the imivalent metal cations in this solvent are more 
distorted than that for the sodium complex o f L I in this solvent.
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Fig. 29. The A8 ax-eq values in CD3 CN at 298 K against the ionic radii for alkali- 
metal cations121.
The above statement are better visualised in Fig. 29 which clearly demonstrates that the 
A8 ax-eq values increases from L i+ to Na+. Then these values start decreasing as the ionic 
radii o f the metal cation increases. Thus except for sodium ( close to a “ perfect cone” 
conformation) a distorted “ cone”  conformation is observed for this macrocycle in its 
complexation with lithium, potassium, rubidium and caesium in this solvent.
‘H NMR studies for Ll and bivalent metal cations in CD3 CN at 298 K, show much more 
pronounced chemical shift changes than the ones observed for monovalent cations and L l 
in this solvent particularly for protons 2 and 8 . These changes may result from the 
interaction o f these metal cations with the carbonyl functional groups located at the lower 
rim o f the ligand.
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Fig. 30. The A5ax_eq values in CD3CN at 298 K against the ionic radii for bivalent 
metal cations121.
Fig. 30 is a plot o f the difference in the chemical shift changes for the axial and equatorial 
protons upon complexation with bivalent metal cations against the cation size. The 
complexation o f Ll with bivalent metal cations leads to A8  lower than 0.90 ppm, 
suggesting that these complexes have a flattened “ cone”  conformation in solution. Indeed 
the A5 ax-eq  values increase from Zn2+ to Ca2+ and then, these values decrease from Ca2+ 
to Ba2+.
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5.3.2. rH NMR Interactions for Ll with metal cations in CD3OD at 298IC.
Table 19 shows the results obtained from the lH NMR measurements between Ll and the 
metal cations (as perchlorates) in CD3 OD.
Table. 19. Changes in the ]H NMR chemical shifts o f Ll by the addition o f 
bivalent metal cation-salts (as perchlorates) in CD3OD at 298 K.
1 (CD3OD)
Metal
cation A5/ppm
1 2 3 4 5 6 7 8 9
Li+ 0.09 0.41 -0.24 0.23 -0.13 0.08 -0.17 0.02 0.07
Na+ 0 . 1 1 0.48 -0.40 0.24 -0.34 0 .1 0 -0 .2 1 0.04 0.05
K+ 0 . 1 1 0.49 -0.27 0.23 -0.28 0 . 1 1 -0 .2 1 0.04 0.06
Rb+ 0.08 0.37 -0.18 0.15 -0.17 0.09 -0.19 0.02 0.03
Cs+ 0 . 0 0 0.03 -0 .0 2 0 . 0 0 -0.01 0.04 -0.06 -0.01 0 . 0 0
Ag* 0 . 1 1 0.49 -0.34 0.28 -0.36 0.13 -0.18 0.06 overlap
Mg2+ 0.13 0 .0 1 overlap overlap overlap overlap overlap overlap overlap 5 JO  H 3
Ca2+ 0.13 0.61 -0.73 0.47 overlap 0.18 overlap overlap overlap
. k
Sr2* 0 . 1 2 0 .6 8 -0.58 0.40 overlap 0.23 -0.16 overlap 0.03
Ba2+ 0 .1 2 0.58 -0.58 0.40 -0.13 0.23 -0.17 overlap 0.03
Pb2* 0.13 0.62 -0.64 0.49 0.04 0 .2 1 0.15 overlap overlap
8
Zn2+ 0 . 1 1 0.52 -0.73 overlap overlap 0 .2 0 0.14 0 . 1 2 overlap
Cd2+ 0.13 0.59 -0.78 0.45 overlap -0.07 -0.13 0.13 overlap
Hg2* 0.14 0.61 -0.72 0.47 overlap -0.05 -0 . 1 1 0.16 overlap
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LI interacts with all mono and bivalent metal cations tested in this solvent except for Cs+ 
cation (no significant chemical shift changes are observed). This is reflected in the 
chemical shift changes found in the *H NMR spectrum o f LI upon addition o f the metal 
cation salts in C D 3O D . Chemical shift changes for the aromatic protons in C D 3O D  are 
much stronger than those observed for this ligand in C D 3C N . This can be attributed to the 
fact that LI is better pre-organised for cation interaction in acetonitrile due to the possible 
inclusion o f a molecule o f C D 3C N  into the hydrophobic cavity o f this ligand in this 
solvent. The difference in the chemical shift changes between the axial and the equatorial 
protons (A8ax-eq) for monovalent metal cations is around 1.14-1.76 ppm. These values 
correspond to a ‘distorted-cone’ conformation. In the case o f bivalent metal cations, the 
A8ax-eq values vary in the 0.55-0.80 ppm range. For the Sr2+ and Ba2+ complexes (A8ax-eq = 
0.80) LI adopts a perfect ‘cone’ conformation, while for the remaining bivalent metal 
cations the ligand adopts a flattened ‘cone’ conformation.
Results and  Discussion   _____________
The A8 ax.ec, values are plotted against the ionic radii o f mono and bivalent metal cations in 
CD3 OD as shown in Figs 31 and 32 respectively.
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Fig. 31. The ASax-eq values in CD3 OD at 298 K against the ionic radii for alkali
metal cations191
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The pattern observed in Fig. 31 for the A8ax-eq values in CD3OD is quite similar to that 
observed in CD3CN. Although these values are lower in the deuterated alcohol relative to 
CD3CN.
1.40
1.20
S’ 1 0 0
X 0.80
a-O
"g 0.60 
Q.Q.
o  0.40 <
0.20
0.00
Cd2+ Ca2+
0.97 A
Hg2 Pb2+
Sr2+ Ba2+
0.99 A 1.02 A 1,12 A 
Ionic Radii (A)
1.19 A 1.35 A
Fig. 32. The A8ax-eq values in CD3OD at 298 K against the ionic radii for bivalent
metal cations 121
As far as A8ax-eq values for the interaction o f Ll with bivalent metal cations are 
concerned, these values do not change significantly for Cd2+, Ca2+, Hg2+ and Pb2+. Higher 
variations for Sr2+ and Ba2+ than those observed for the above cations were found.
Following the *H NMR characterization of Ll in CDCI3 CD3CN and CD3OD at 298 K 
and its interactions with alkali, alkaline earth, transition and heavy metals in CD3CN and 
CD3OD at 298 K, conductometric titrations aiming to establish the composition of the 
metal-ion complexes are now discussed.
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5.4. Conductometric titrations.
The stoichiometry o f complex formation, between the metal-cations and the ligand, were 
assessed by conducometric titrations. The stoichiometry (ligand/metal cation) is given by 
the point during the titration where a change in slope is observed, as explained in the 
Experimental Section (4.4.2). The strength of the interaction can also be evaluated in a 
qualitative way by observing the sharpness of the curve at the stochiometry o f complex 
formation. The determination o f the cell constant (0) was carried out before proceeding 
with the conductometric titrations. The cell constant depends on the cross sectional area 
of the electrodes and the distance between them. The continuous use o f the electrode will 
deteriorate it, and therefore the distance and cross sectional area will be modified. As a 
consequence, the cell constant will also be modified and therefore it is important to 
recalculate this value in order to achieve accurate data for the calculation of the molar 
conductance. The results are shown in the following section.
5.4.1. Determination of the conductivity cell constant (0)
The cell constant (0) was determined according to the procedure shown in the 
Experimental Section. Table 20 shows representative conductance data for the 
determination o f the cell constant at different concentrations of an aqueous solution of 
KC1 at 298.15 K.
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Table. 20. Conductance data obtained for an aqueous solution o f KC1 at 298.15 K 
for the determination of the cell constant (0).
[KC1]
(mol.dm'3)
Ajn
(S.cm^mol'1)
Cell
Constant
©(cm'1)
3.98 xlO ' 4 147.50 1 . 0 1
7.94 xlO ' 4 146.73 1 . 0 2
1.19 xlO ' 3 146.14 1 . 0 2
1.57 xlO ' 3 145.66 1.03
1.96 xlO ' 3 145.24 1.06
2.34 xlO ' 3 144.86 1.05
2.72 xlO ' 3 144.53 1.06
3.10 xlO ' 3 144.22 1 . 0 2
3.47 xlO ' 3 143.93 1 . 0 2
3.85 xlO "3 143.67 1.06
4.21 xlO ' 3 143.42 1.04
4.58 xlO ' 3 143.18 1 . 0 1
4.94 xlO ' 3 142.96 1.04
An average value o f 1.03 ± 0.02 cm ' 1 was foimd for the cell constant and was used for the 
calculation o f the molar conductance o f the metal ion salts in the appropriate solvent.
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5.4.2. Conductometric titrations of metal cations with Ll, L2 and L3 in 
methanol and acetonitrile at 298.15 K.
Conductometric titrations were carried out according to the procedure described in the 
Experimental Section. Molar conductances of the solution during the course of the 
titration against ligand-metal cation concentration ratio were plotted in order to establish 
the stoichiometry o f complexation in a given solvent and at 298.15 K. Qualitative 
information on the strength o f the complexation can also be established by analyzing the 
change in the slope upon complex formation between the ligand and the metal cation. 
Three cases can be found where the strength of the complexation can be evaluated:
a). There is no change in the conductance or just a slight slope is present during 
the course o f the titration, meaning that there is no complexation or the 
complexation talcing place is very weak (Fig. 33 a).
b). Plots with a well defined curvature at the stoichiometry o f the complex 
indicating a moderate complex formation (Fig. 33 b).
c). Plots showing two straight lines intersecting at the stoichiometry of the 
complex . This is indicative that a strong complex is formed (Fig. 33 c).
r
1
[LJ/[Mn+]
Fig. 33. A plot o f molar conductance of the solution against the concentration ratio
(ligand/metal cation) showing three different types o f curves upon 
complexation.
103
R esults and  D iscussion
Conductometric titrations for alkali and alkaline-earth-metal cations in MeCN and MeOH 
were performed by titrating the ligand (L I, L2 and L3) into the metal-ion salt solution. 
The molar conductance for each addition was calculated and plotted against the ratio o f 
the concentrations o f the ligand and metal-ion solution ([L ]/[M n+]. Figs. 34-64, show the 
conductometric curves for the titrations o f L I  with metal cations in  acetonitrile and 
methanol at 298.15 IC. The figures are arranged according to the strength o f the complex 
(from strong to weak) and grouped w ithin similar patterns observed in the change o f 
molar conductance.
In MeOH, the counter-ion accompanying potassium, rubidium and cesium cations was 
chloride. The solubilities o f metal chloride salts in MeOH are much higher than in MeCN 
because chloride salts are more soluble in protic (MeOH) than in dipolar aprotic solvents 
(MeCN).
In all cases, the lim iting molar conductance o f the metal cations as perchlorates and as 
chlorides in MeCN and MeOH reported in the literature1 2 2 ,1 2 3  were compared with the 
molar conductance o f the free salt (L/M n+ = 0) (uncomplexed state) in the solution. The 
lim iting molar conductance is a hypothetical parameter that measures the molar 
conductance at the lim it o f infinite dilution. Therefore it is expected that the values 
obtained for the molar conductance o f the free metal cation salt at a given concentration 
w ill be lower than the theoretical values (Table 21). This statement is in accord with the 
experimental values o f the molar conductance o f the free metal cation salts reported in 
this work.
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Table. 21. Values for the lim iting molar, A°m, conductance at infinite dilution for the 
metal cation salts in acetonitrile and methanol at 298.15 K.
Metal A°m (S cm2mol'1) Metal A°m (S cm2 mol'1)
salt Acetonitrile Methanol salt Acetonitrile
LiC104 173.0a 1 1 0 ,6 a Mg(C104 ) 2 303.8b
NaC104 180.63 116.0a Ca(C104 ) 2 323.5b
KC104 187.3a 123.2a Sr(C104 ) 2 340.0b
RbC104 189.3a 126.7a Ba(C104 ) 2 363.3b
CsC104 191.0a 131.7a Pb(C104 ) 2 348.l b
AgC104 H-* OO )0 VO sa 120.93 Cd(C104 ) 2 352.3b
KC1 104.73 Hg(C104 ) 2 369.0b
RbCl 108.23
CsCl
EIt-» r  -i
113.23
"Ref. 1 2 2 ; bRef. 69.
5.4.3. Conductometric titrations of metal cations with Ll in acetonitrile at
298.15 K.
Figs. 34-40 show the conductometric titration curves o f metal cations with Ll in 
acetonitrile at 298.15 K  for complexes o f strong stability
MMU1
Fig. 34. Conductometric curve for the titration o f lithium  (as perchlorate) and Ll 
in MeCN at 298.15 IC.
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[L1]/[Na+]
Fig. 35. Conductometric curve for the titration of sodium (as perchlorate) and Ll 
in MeCN at 298.15 K.
Fig. 36. Conductometric curve for the titration o f potassium (as perchlorate) and 
Ll in MeCN at 298.15 IC
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Fig. 37.
Fig. 38.
Fig. 39.
Conductometric curve for the titration o f calcium (as perchlorate) and LI 
in MeCN at 298.15 IC.
[L1]/[Srz+]
Conductometric curve for the titration o f strontium (as perchlorate) and LI 
in MeCN at 298.15 K.
}L1]/[Baz+]
Conductometric curve for the titration o f barium (as perchlorate) and LI 
in MeCN at 298.15 IC.
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Fig. 40.
Conductometric curve for the titration o f lead (as perchlorate) and Ll in MeCN 
at 298.15 K.
The shape o f the conductometric curves indicate the formation o f strong complexes 
between Ll with alkali (L i+, Na+ and K+), alkaline-earth (Ca2+, Sr2+, Ba2+) and Pb2+ in 
this solvent. Stoichiometries o f complex formation were found to be 1:1 (ligand:metal 
cation) between Ll and these metal cations. A  decrease in the molar conductance, Ani) 
upon titration o f the metal cation salt w ith the ligand was observed. The m obility o f the 
free metal cation should be higher than that o f the the metal cation complexes, therefore it 
is expected that the molar conductance values w ill decrease upon complexation. Once the 
concentration ratio between L l-metal cation has reached the stoichiometry o f the 
complex, the molar conductance remains almost constant showing that the reaction has 
finished. The addition o f more ligand solution (non-electrolyte) into the vessel is unlikely 
to alter the conductance o f the solution. In the case o f IC+ w ith Ll, it  is noticeable a slight 
increase o f the molar- conductance after reaching the 1 : 1  (ligand-metal cation) 
stoichiometry. The process talcing place during the conductometric titration is that 
involving the complex formation as shown in eq. 35, provided that the free and the 
complex salts are fu lly  dissociated in solution.
M w+(,s)  +  Z ( 5 ) D  MI!,+(s) ...(eq. 35)
According to this equation, further addition o f the ligand may shift the equilibrium 
towards the right. This may also be explained in terms o f a dilution effect which would 
lead to a slight increase in the conductance
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Figs. 41-48 show the conductometric titration curves of metal-cations with LI in 
acetonitrile at 298.15 K for complexes of moderate stability.
[L1]/[R b+]
Fig. 41. Conductometric curve for the titration of rubidium (as perchlorate) and LI 
in MeCN at 298.15 IC.
[L 1 ]/[A g *j
Fig. 42. Conductometric curve for the titration o f silver (as perchlorate) and LI in 
MeCN at 298.15 IC.
[L1]/[Mg~]
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Fig. 43. Conductometric curve for the titration o f magnesium (as perchlorate) and 
Ll in MeCN at 298.15 K.
[L1]/[Cu2*]
Fig. 44. Conductometric curve for the titration o f copper (as perchlorate) and Ll in 
MeCN at 298.15 K.
Fig. 45. Conductometric curve for the titration o f nickel (as perchlorate) and Ll in
MeCN at 298.15 K.
350.0 -|
250.0 -
230.0 -I-----------------— --------------V----
0.0 0.5 1.0
[L1J/[Zn2+]
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Fig. 46. Conductometric curve for the titration o f zinc (as perchlorate) and LI in 
MeCN at 298.15 IC.
[L1J/[Cd2t]
Fig. 47. Conductometric curve for the titration o f cadmium (as perchlorate) and LI 
in MeCN at 298.15 IC.
[L i] /[H g Q
Fig. 48. Conductometric curve for the titration o f mercury (II) (as perchlorate) and 
LI in MeCN at 298.15 IC.
Complexes o f moderate stability are found for Rb+, Ag+ , Mg2+, Cu2+, N i2+, Zn2+, 
Cd2+and Hg2+ w ith LI in acetonitrile at 298.15 IC (see Figs. 41-48). In all cases the 
stoichiometry o f the complexes were found to be 1:1 (ligand : metal cation). The 
behaviour shown in the conductometric titration curve involving N i2+ and LI is rather 
unusual. Indeed a break is observed at a ligand : metal cation ratio o f -1.5 which may 
indicate the formation o f a complex o f 3:2 composition.
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From the conductometric titrations, it  can be concluded that Ll forms strong complexes 
with alkali and alkaline earth metal cations in acetonitrile at 298.15 K  while complexes o f 
moderate stability are found w ith transition and heavy metal cations.
5.4.4. Conductometric titrations of metal cations with Ll in methanol at
298.15 K.
Conductometric titrations curves for strong complexes between metal cations and Ll in 
methanol at 298.15 K  are shown in Figs. 49 and 50.
[L1]/[Na*]
Fig. 49. Conductometric curve for the titration o f sodium (as perchlorate) and Ll 
in MeOH at 298.15 K.
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[L1]/[Ag*l
Fig. 50. Conductometric curve for the titration o f silver (as perchlorate) and Ll in 
MeOH at 298.15 K.
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Strong complex formation was found for Na+ and Ag+ with Ll in methanol at 298.15 K 
The behaviour o f the molar conductance throughout these titrations is similar to that 
found in acetonitrile for strong complexes. Stoichiometries o f complex formation 
between Ll and these metal cations were found to be 1:1 (ligand-metal cation).
Figs. 51-57 show the conductometric titration curves of metal cations with Ll in 
methanol at 298.15 K for complexes of moderate stability.
[L1]/[Kl
Fig. 51. Conductometric curve for the titration of potassium (as chloride) and Ll 
in MeOH at 298.15 K.
[L1]/[Ca2*]
Fig. 52. Conductometric curve for the titration of calcium (as perchlorate) and Ll 
in MeOH at 298.15 IC.
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Fig. 53.
Fig. 54.
Conductometric curve for the titrations o f strontium (as perchlorate) and 
LI in MeOH at 298.15 IC.
[L1]/[Ba2+]
Conductometric curve for the titration o f barium (as perchlorate) and L I 
in MeOH at 298.15 IC.
[L1]/[Cu2*]
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Fig. 55. Conductometric curve for the titration o f copper (as perchlorate) and Ll in 
MeOH at 298.15 IC.
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Fig. 56. Conductometric curve for the titranon o f cadmium (as perchlorate) and Ll 
in  MeOH at 298.15 K.
Fig. 57, Conductometric curve for the titration o f lead (as perchlorate) and Ll in 
MeOH at 298.15 IC.
From the conductometric titration curves shown in Figs. 41-47 it seem that complexes o f 
moderate stability are formed between Ll and K+, Ca2+, Sr2+, Ba2+, Cu2+, Cd2+ and Pb2+. 
Complexes o f 1:1 (ligand : metal cation) stoichiometry were found for most cations 
except for Cd2+ and Pb2+. For the latter it was d ifficu lt to determine their composition in 
this solvent.
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Figs 58-64 show the conductometric titration curves for weak complexes between metal 
cations and Ll in methanol at 298.15 K.
[L1]/[Li+]
Fig. 58. Conductometric curve for the titration o f lithium (as perchlorate) and Ll in 
MeOH at 298.15 K.
[L1]/[Rb+]
Fig. 59. Conductometric curve for the titration o f rubidium (as chloride) and Ll in 
MeOH at 298.15 IC.
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[L1]/[Niz+]
Fig. 60. Conductometric curve for the titration o f nickel (as perchlorate) and LI in 
MeOH at 298.15 IC
[L1]/[Cs+]
Fig. 61. Conductometric curve for the titration of cesium (as chloride) and LI in 
MeOH at 298.15 K.
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[L]/[Wlg2+]
Fig. 62. Conductometric curve for the titration o f magnesium (as perchlorate) and 
L l  in MeOH at 298.15 K.
[L1J/[C02+]
Fig. 63. Conductometric curve for the titration o f cobalt (as perchlorate) and L l in 
MeOH at 298.15 K.
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Fig. 64. Conductometric curve for the titration o f zinc (as perchlorate) and LI in 
MeOH at 298.15 IC
Weak complexes between LI and metal cations in methanol at 298.15 IC were found for 
Li+, Rb+ and Ni2+ (Figs. 58-60). As for Cs+, Mg2+, Co2+ and Zn2+ (Figs. 61-64), no 
change of slope was observed during the titration o f the metal ion salt with the ligand. 
Stoichiometries o f complex formation o f 1:1 (ligand-metal cation) were found in the case 
of Li+ and Rb+. For Cs+, Mg2+, Co2+ and Zn2+ a change in slope could not be 
distinguished, meaning that a very weak or no complexation is talcing place between 
these cations and this ligand in methanol. Also conductometric titrations for Cs+, Mg2+
9-4-
and Co and LI in methanol show a slight increase in the molar conductivity as the 
ligand was added into the system. This behaviour might be attributed to dilution effects 
given that no changes in conductance are observed due to the lack o f interaction between 
this ligand and these cations or the formation o f very weak complexes. Again the shape 
of the conductometer titration curve for Ni2+ and LI in methanol appeal’s to indicate the 
formation of very weak 1 : 2  and 1 : 1  (ligand : metal cation) complexes.
From the results shown above, it seems that LI shows a high affinity towards alkali and 
alkaline-earth metal cations in acetonitrile and methanol. Also it is noticeable that LI 
shows a strong interaction with hard metal cations and a weak interaction with 
intermediate and soft cations. The Ag+ cation shows a weaker interaction with LI in 
acetonitrile than in MeOH, and this may be due to the high solvation of this cation in 
MeCN124, althought the solvation o f the ligand and metal ion complex must be taken into 
account in the process o f complexation.
The pattern found in most of the conductometric titrations (except for Mg2+, Cs+ and Co2+ 
in methanol), is that the molar conductance decreases upon the addition o f the ligand 
solution.
Comparison between the differences of the chemical shift o f the axial and equatorial 
protons (A8ax.eq) of LI upon interaction with alkali metal cations in CD3CN at 298 K and 
the conductometric titrations for the same ligand and metal cations in acetonitrile are now 
discussed. The difference in the chemical shift of LI upon complexation was high for
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Li+, Na+ and K+ (0.82, 0.91 and 0.80 ppm respectively). This is well reflected in the 
conductometric titrations o f Ll with these cations in acetonitrile, as the strongest 
interaction for these metal cations were found amongst the alkali-metal cations.
As for the comparisons between the !H NMR interactions o f Ll with bivalent metal 
cations in CD3CN and the outcome o f conductance studies involving Ll and these 
cations in acetonitrile, chemical shift changes observed in the aromatic proton (2 ) reflect 
the behaviour observed in the conductometric curves. For Ca2+, Sr2+, Ba2+ and Pb2+, both 
conductometric titrations and *H NMR (A5 o f 2)= 0.35, 0.36, 0.36 and 0.37 ppm 
respectively) showed strong interactions with Ll. In the case of Mg2+, Zn2+ and Cd2+, 
chemical shift changes for the aromatic proton (0.24, 0.26 and 0.26 ppm respectively) 
may indicate a weaker interaction with Ll and this is also reflected in the conductometric 
titrations.
As far as interactions of Ll and univalent metal cations in methanol are concerned, 
differences in the chemical shift of the axial and equatorial protons o f Ll were higher 
upon interaction o f this macrocycle with Na+ and Ag+ (0.64 and 0.62 ppm respectively)in 
this solvent.. As expected, the conductometric titrations o f Ll with these two metal 
cations in MeOH showed a strong interaction, therefore good agreement was found 
between the conductance and the *H NMR results. As for Li+, IC+ and Rb+, the outcome 
of conductance and *H NM R studies ( differences in the chemical shifts o f the axial and 
the equatorial protons are 0.47, 0.50 and 0.33 ppm respectively) lead to the conclusion 
that the interactions involved in these systems are weaker than those for Na+ and Ag+ 
and this ligand in methanol. In the ease o f Cs+ cation, both *H NMR and conductometric 
titrations with Ll show no interaction with this cation in methanol.
A correlation between the !H NMR chemical shift changes of Ll upon interaction with 
bivalent metal cations in CD3OD and conductometric studies of the same cations with Ll 
in methanol was more difficult to establish. The chemical shift changes for the aromatic 
proton o f Ll upon interaction with Ca2+, Sr2+, Ba2+, Pb2+, Zn2+, Cd2+ and Hg2+ have 
similar values. This might give an indication that complexes o f similar stability are 
formed between Ll and these metal cations in this solvent. However from the 
conductometric titration curve, Ll appears to interact weakly with Zn2+. Another reason 
for the difficulties encountered in attempting to establish whether or not the chemical
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shift changes observed !H NMR are reflected in the conductance, is that in the former 
approach some peaks are overlapping, making it difficult to assess the existence of an 
agreement between the outcome o f these two approaches.
The following section discusses the results obtained from the conductance measurements 
involving the interaction o f L2 and metal cations in acetonitrile and methanol.
5.4.5. Conductometric titrations of metal cations and L2 in acetonitrile and 
methanol at 298.15 K.
Conductometric titrations for L2 and metal cations in methanol and acetonitrile at 298.15 
K were carried out to further investigate the work initiated by Danil de Namor and co­
workers69. Thus Figs. 65-68 show the conductometric titration curves for metal cations 
and L2 in acetonitrile and methanol at 298.15 K.
[L2J/[C02+]
Fig. 65. Conductometric curve for the titration o f Co2+ perchlorate and L2 in 
MeCN at 298.15 K.
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[L2]/[Cuz+]
Fig. 6 6 . Conductometric curve for the titration o f copper (as perchlorate) and L2 in 
MeCN at 298.15 K.
[L2]/[C02+]
Fig. 67. Conductometric curve for the titration o f cobalt (as perchlorate) and L2 in 
MeOH at 298.15 K.
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Fig. 68. Conductometric curve for the titration of copper (as perchlorate) and L2 in 
MeOH at 298.15 K.
The shape o f the conductometric titration curves o f L2 and Co2+ and Cu2+ (Figs. 65 and 
66 respectively) in acetonitrile reflects the formation o f moderately strong complexes. 
The composition of these complexes is 1:1 (ligand-metal cation). The conductance 
behaviour is similar to that found for L 2  and metal cations in acetonitrile and methanol. 
Thus the molar conductance o f the metal cation salt upon titration with the ligand starts to 
decrease until the stoichiometry o f the complex is reached and remains constant from this 
point onwards.
As far as the complexation o f L2 with Co2+ and Cu2+ in methanol at 298.15 IC is 
concerned (Figs. 676 and 68), moderately stable complexes are formed. The composition 
o f these complexes were found to be 1:1 (ligand-metal cation). The conductance 
behaviour is again similar to that found for IC+ and LI in acetonitrile, where after 
reaching the stoichiometry o f the complex, the molar conductance starts to increase. The 
behaviour may be attributed to a shift in the equilibrium towards complex formation, as 
more ligand is titrated into the system or to a dilution effect which leads to an increase o f 
molar conductance.
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5.4.6. Conductometric titrations of metal cation salts with L3 in methanol at
298.15 K.
The solubility o f L3 in acetonitrile is very low (Table 16, Section 5.2) as to proceed with 
conductance measurements involving this ligand and cations in this solvent. Therefore 
conductometric titrations o f metal cations (as perchlorates) in methanol at 298.15 IC were 
carried out. Figs. 69-72 show the conductometric titration curves for complex o f 
moderate stability between metal cations and L3 in this system.
[L3]/[Ca2*]
Fig. 69. Conductometric curve for the titration o f calcium (as perchlorate) and L3 
in MeOH at 298.15 K.
[L3]/[Sr2+]
Fig. 70. Conductometric curve for the titration o f strontium (as perchlorate) and 
L3 in MeOH at 298.15 IC.
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[L3]/[H g2*]
Fig. 71. Conductometric curve for the titration o f mercury (II) (as perchlorate) and
L3 in MeOH at 298.15 K.
[L3]/[Pbz+]
Fig. 72. Conductometric curve for the titration o f lead (as perchlorate) and L3 in 
MeOH at 298.15 IC.
Moderately stable complexes were found for Ca2+, Sr2+, Hg2+ and Pb2+ w ith L3 in this 
solvent. In the case o f Hg2+ and Pb2+, the molar conductance decreases as the ligand is 
titrated into the vessel and once the ratio o f concentration reaches the stoichiometry o f 
1:1, the molar conductance becomes constant. The decrease o f the molar conductance 
upon titration with the ligand is expected as formation o f the ligand-.metal cation complex 
results in a decrease in the m obility o f the metal cation, resulting in a drop o f the molar 
conductance.
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As for Ca2+ and Sr2+, the molar conductance slightly increases after reaching the 
stoichiometry o f the complex, and this is attributed to the effect o f dilution as previously 
explained for Ll in acetonitrile.
Conductometric titration curves for Ag+, Cd2+ and Cu2+ with L3 in methanol at 298.15 IC 
are shown in Figs. 73-75. Weak complexes were observed for these metal cations with 
L3.
100.0 4 *      . ,
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[L3]/[Ag+]
Fig. 73. Conductometric curve for the titration o f silver (as perchlorate) and L3 in 
MeOH at 298.15 K.
[L3]/[Cd2+]
Fig. 74. Conductometric curve for the titration of cadmium (as perchlorate) and L3 
in MeOH at 298.15 K.
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[L3]/[Cu2+]
Fig. 75. Conductometric curve for the titration o f copper (as perchlorate) and L3 in 
MeOH at 298.15 IC.
Relatively weak 1:1 complexes were found between L3 and soft metal cations (Ag+, Cd2+ 
and Cu2+) (Figs. 73-75) in methanol at 298.15 K. This is reflected in the shape of the 
conductometric titration curve where the break indicating the composition o f the complex 
is far from shaip. The value of the molar conductance decreases upon titration with the 
ligand into the system as the mobility is reduced upon the formation of the complex.
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Figs. 76 and 77 show the conductometric titration curves for L3 and Ba2+ and Mg2+ in 
methanol at 298.15 IC. The unusual behaviour- observed for these metal cations is now 
discussed.
[L3]/[Baz+]
Fig. 76. Conductometric curve for the titration o f barium (as perchlorate) and L3 
in MeOH at 298.15 IC.
[L3]/[Mg2+]
Fig. 77. Conductometric curve for the titration o f magnesium (as perchlorate) and 
L3 in MeOH at 298.15 K.
As far as Ba2+ is concerned there is not a substantial decrease in conductance upon 
addition o f the ligand from A  to B. It is known that alkaline-earth metal cations in MeOH 
are slightly associated (ion pair formation). The addition o f the ligand to the metal ion 
salt w ill lead to the formation o f the Ba2+-L3 complex salt which is likely to be more
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dissociated than the free cation salt. However there is an increase o f the cation size upon 
complexation. Therefore the combination o f these two effects may result in a small 
decrease in conductance, which is even more significant from B to C. Given that the 
break in the conductance titration curve at the 1 : 1  complex stoichiometry is not 
significant, it follows that the complex formed is relatively weak. If so, further addition 
of the ligand (from B to C) would shift the equilibrium to the right (complex formation) 
with a consequent decrease in conductance.
As far as the conductometric titration curve of Mg2+ with L3 in methanol is concerned 
(Fig. 77), two breaks are observed. The first one occurs at a [L3]/Mg2+ = 0.5 when an 
excess o f the salt relative to the ligand is present in solution. Under these experimental 
conditions a complex o f 1 :2  (ligand : metal cation) composition is formed and a decrease 
in conductance is observed. There is no experimental evidence as to suggest the mode by 
which L3 can hold two cations. Quite clearly cations must be separated from each other 
to avoid electrostatic repulsion. Further addition o f the ligand may result in the transport 
of one o f the magnesium cations from the complex to the ligand. Consequently the 
conductance increases from B to C until the ligand : metal cation ratio reaches a value o f 
1 indicating the possible formation o f a 1:1 complex. Having stated it, emphasis must be 
made about the fact that the break at the ligand : metal cation ratio o f 1 does not 
necessarily indicate the formation of a 1 : 1  complex given that if  the number of metal 
cations interacting is equal to that of the ligand, a ligand : metal cation ratio of 1 will be 
obtained. The possibility o f the following processes (eqs. 36 and 37) cannot be excluded.
2M g2+(MeOH) + L3(MeOH) -> (M g2L3)4+ (MeOH) ...(eq.36)
(Mg2L3)4+(MeOH) + L3(MeOH) -+ (Mg2L32)4+(MeOH) ...(eq.37)
The latter possibility seems unlikely on the basis o f a size effect given that the size of the 
metal ion complex involving two ligands is much greater than that involving one ligand 
and therefore the mobility of the former is expected to be lower than that o f the latter. 
Consequently the expected decrease in conductance is not corroborated with the increase 
observed from B to C. Given that solvation effects also need to be considered, it is not
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possible to establish at this stage whether the ligand : metal cation ratio o f 1 corresponds 
to the formation o f a 1:1 or to a 2:2 complex in this solvent. Molecular simulation studies 
may be helpful but again does not provide final evidence on the composition o f the 
complex. X-ray crystallographic studies would be useful. However it would provide 
structural information on the solid state which cannot be always extrapolated to the 
process in solution.
Figs. 78-84 show the conductometric titration curves for the formation of weak 
complexes between metal cations and L3 in methanol at 298.15 IC.
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Fig. 78. Conductometric curve for the titration of lithium (as perchlorate) and L3 
in MeOH at 298.15 IC.
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Fig. 79. Conductometric curve for the titration o f sodium (as perchlorate) and L3 
in MeOH at 298.15 IC.
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Fig. 80. Conductometric curve for the titration o f potassium (as perchlorate) and 
L3 in MeOH at 298.15 IC.
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Fig. 81. Conductometric curve for the titration o f rubidium (as perchlorate) and L3 
in MeOH at 298.15 IC.
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Fig. 82. Conductometric curve for the titration o f cesium (as perchlorate) and L3 
in MeOH at 298.15 K.
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Fig. 83. Conductometric curve for the titration o f nickel (as perchlorate) and L3 in 
MeOH at 298.15 IC.
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Fig. 84. Conductometric curve for the titration o f zinc (as perchlorate) and L3 in 
MeOH at 298.15 K.
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From the conductometric titrations curves o f L3 with Li+, Na+, K+, Rb+, Cs+, Ni2+ and 
Zn2+ in methanol at 298.15 IC (Figs. 78-84) it is not possible to establish the composition 
of these complexes. If  interaction occurs, the degree o f complexation between these 
cations and this ligand in methanol appears to be weak. However the increase in 
conductance o f the alkali-metal cations and L3 in methanol without any significance 
break in the titration curve could be the result o f no significant changes in the size of the 
free metal cation relative to the complex cations as a result o f solvation effects. This 
statement is based on the high interaction o f metal cations with this solvent through 
hydrogen bond formation. This is not the case for Ni2+ and Zn2+ and L3 in this solvent. 
For these systems, no significant changes are observed in the conductance during the 
course of the titration. In fact the titration curves are typical o f the formation of weak 
complexes or the lack o f complexation.
Having established the composition o f the complexes and being aware from previous 
work by Danil de Namor and co-workers69,E,Tor! Bookmark not <*fincd.,ii4 about the 
concentration range in which these electrolytes are predominantly as ionic species in 
solution, thermodynamic o f cation complexation involving these ligands are discussed in 
the following Section.
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5.5. Thermodynamics of complexation of LI, L2 and L3 with uni and 
bivalent metal cations in acetonitrile and methanol at 298.15 K.
In this section, the results obtained are discussed in the following order:
i) Calorimetric titrations
ii) Determination of the burette delivery rate (BDR)
Hi) Calibration o f the calorimeter (Tronac 450)
iv) Calibration of the 2277 TAM calorimeter
v) Determination o f the stability constant and the enthalpy using titration
calorimetry
vi) Determination o f the stability constant by potentiometry
vii) Determination o f the thermodynamic parameters of complexation o f LI and 
metal cations in acetonitrile and methanol at 298.15 IC.
a. !H NM R and complexation data
b. Contribution o f the desolvation and binding processes to the complexation 
o f LI with metal cations in acetonitrile and methanol at 298.15 IC.
viii) Determination o f the thermodynamics o f complexation of L2 and metal 
cations in acetonitrile and methanol at 298.15 IC.
ix) Determination o f the thermodynamics o f complexation o f L3 and metal 
cations in methanol at 298.15 K.
The determination o f the thermodynamic parameters of complexation for LI, L2 and L3 
with uni and bivalent metal cations in acetonitrile and methanol was carried out by 
titration calorimetry (macro and micro calorimetry). Stability constants for LI with the 
silver and the sodium cations were determined by potentiometry using ion selective 
electrodes
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5.5.1. Calorimetric Titrations
Calorimetry is a useful technique for the determination o f the thermodynamic parameters 
o f complexation (log Ks, and ACH) from which ACG° and ACS° can be calculated from eqs. 
38 and 39 respectively:
A0G° = - R T  I n  Ks ...(eq.38)
ACG° = ACH ° - T A CS°  ...(eq.39)
Titration calorimetry has been extensively applied by Christensen and Izatt125 for the 
determination o f thermodynamic data involving crown ethers and metal cations in a 
variety of solvents.
Before proceeding with complexation data, the calibration of the burette delivery rate
(BDR) used in the calorimeter was carried out. The results are presented in the next.
Section.
5.5.2. Determination of the burette delivery rate (BDR)
The determination o f the burette delivery rate was carried out in order to ensure the 
accuracy o f the calorimetric data. For this, the burette was filled with distilled water and 
injected into a glass container. The period for each titration (t in seconds) was registered 
and the mass of injected water was measured. The volume (cm3) associated with the mass 
of water was calculated using the following equation:
. .  m
V = — ... (eq. 40)
P
In eq. 40, V, m and p  denotes volume (cm3), mass (g) and density o f water (g.cm'3) 
respectively. The burette delivery rate was calculated using eq. 41.
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BDR = j  ... (eq.41)
Data obtained are reported in Table 25. An average value for BDR o f 6.7 ± 0.1 xlO '3
*3 1
cm s' was obtained. This was used for the calculation of the volume o f the ligand 
solution added into the calorimetric vessel containing the metal cation salt solution.
Table. 25. Determination of the Burette Delivery Rate (BDR) at 298.15 K.
t (s) m (g) v (cm3) BDR (cm3 s'1)
40.26 0.2687 0.270 6.7x10'3
40.15 0.2693 0.271 6.8x1 O'3
39.92 0.2665 0.268 6.8x1 O'3
39.72 0.2671 0.268 6.9x1 O'3
40.17 0.2685 0.270 6.4 x10'3
40.25 0.2673 0.269 6.6 x10'3
3 ___3 -1Average 6.7 x10‘3 cm3 s'1
Two types o f calorimeters were used during the course o f this work. These are the Tronac 
450 and the 2277 TAM which are briefly discussed.
5.5.3. Calibration of the Calorimeter (Tronac 450)
The chemical calibration o f the Tronac 450 was carried out as described in the 
Experimental Section. Calculation o f the enthalpy o f protonation of THAM upon addition 
to a solution of hydrochloric acid (0.1 M) in aqueous solution at 298.15 K was 
determined and compared to values reported in the literature. Data obtained from this 
experiment are reported in Table 26. An average value o f -47.58 ±  0.08 kJ mol"1 was 
obtained for the enthalpy o f protonation o f THAM in HC1 at 298.15 K. This value agrees 
with the one reported in the literature by Eatough and co-workers (APH° = -47.47 
kJ m ol'1)126.
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Table. 26. Enthalphy of Protonation of THAM in an aqueous solution of HCI at 
at 298.15 K.
V of THAM q. qi. qP APH°
(cm3) (J) (J) (J) (kJ.moi1)
0.0224 -5.2E-01 -9.6E-04 -5.2E-01 -47.63
0.0253 -6.1E-01 -1.1E-03 -6.1E-01 -47.58
0.0218 -5.1E-01 -9.3E-04 -5.1E-01 -47.48
0.0251 -6.0E-01 -1.1E-03 -6.0E-01 -47.67
0.0250 -5.9E-01 -1.1E-03 -5.9E-01 -47.51
X-7 f-O , « 1-1Average -47.58 ± 0.08 kJ.moi'1
5.5.4. Calibration of the 2277 TAM
Chemical calibration for the 2277 TAM was carried out in order to verify the reliability 
o f the equipment. For this, a standard reaction suggested by Briggner and Wadso113 for 
the complexation o f 18-crown-6 and Ba2+ cation (as chloride) in an aqueous solution at
298.15 K was carried out. The values obtained from the 2277 TAM chemical calibration 
for this system for the stability constant and the enthalpy o f complexation are shown in 
Table 27. Values reported in the literature113 are also included in this Table.
Table. 27. Thermodynamic parameters of complexation of Ba2+ and 18-erown-6
in an aqueous solution at 298.15 K.
log Ks ACG°
kJ.moi"1
ACH°
kJ.moi1
ACS°
J.K'Lmol1
3.79 ±0.03 -2 1 .6  ± 0 .2 -32.12 ±0.08 -35
3.77a -21.4a -31.42a -34a
aReference 113
137
Results and  D iscussion
5.5.5. Determination of the stability constant and the enthalpy using 
titration calorimetry
Calorimetric titrations were carried out by adding a solution o f known concentration of 
the ligand into the vessel containing a concentration of the metal cation salt in the same 
solvent at 298.15 K as described in the Experimental Section. The stability constant is 
derived from eq.2 as shown in the Introduction of this thesis (Section 1.4)
Therefore, the heat o f the reaction ( 0  from the start to any point (P) can be calculated 
using the following formula:
Qp = A H xA n ML = A H x[L M ,,+]x V  ...(eq.42)
In eq. 42, Qp, AH, Ahml and V denote the heat o f reaction at the point P, the enthalpy 
change, the number o f moles o f the complex from the start o f the reaction to point P and 
the volume o f titrant used respectively. The molar concentration o f the metal-ion/ligand 
complex, Mn+L, was calculated from equations 43-47 by using an iterative process, 
assuming approximate values o f Ks.
[M"+ ]r = [M"+ ] + [ME'+ ]
...(eq.43)
[M ',+ ] = [M"+]7. ~[M I),+ ]
[L]t =[L] + [ML1+]
...(eq.44)
[L) = [L]T - [ M U +]
In eqs. 43 and 44 [Mn+]> [L] and [MLn+] denote the molar concentrations of the free 
cation, ligand and complex in solution repectively, while the [Mn+]x and [L ]t denote the 
total molar concentrations o f the free cation and ligand respectively.
Combination o f eqs. 2 (p. 9), 43 and 44, leads to the following expression :
K, = ----------------- -------------------------  ...(eq. 45)
' ( [ i t .  -  [MC* ]) x ([M "+ ],. -  [MLH ])
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Rearrangement o f eq.45 leads to eq. 46:
- ( M r  +[M "+]r + /-)[M Z "*] + [Z]I.[M"+]r  = 0 
A .. .
,..(eq.46)
[ML"+] .(eq.47)
The negative solution of eq.47 fulfills the conditions ([ZM"+]>0 and [Z,]t > [LM,+]. 
Having established a provisional value o f [LM7+] for point P, AH  can be calculated by 
using a lineal least square principle shown in eq.48.
tf  = E (& x P ~ Q Pf  = H (e p -A Z fx A « w ) 2 = % (Q p - A t f  x [ M T ] x F ) 2 ...(eq.48)
flj /« m
In eq.48, Qexp denotes the heat obtained in the experiment. The correct values for Ks and 
AH are obtained once the value o f the least squares estimation algorithm is minimized for 
a set o f m titrations. AH should be calculated for each titration step and the approximate 
value of Ks used in eqs. 45-47 should be the same for each calculation. The value of AH 
and Ks are constant for each reaction.
The experimental data obtained in the calorimetric titration reactions were processed 
using a program developed at the Thermochemistry Laboratory for the calculation of the 
log Ks and AH values127.
5.5.6. Determination of the stability constant and enthalpy using competitive 
calorimetric titrations
When values for the stability constant were above the limit o f detection of the 
calorimetric technique (log Ks > 6), competitive titrations were performed. A metal cation 
with a well established stability constant was used to form a complex with the ligand, 
which then was displaced upon titration with another metal cation. Scheme 7 shows the
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processes taking place in a competitive calorimetric titration on the condition that the 
salts involved are predominantly as ionic species in solution
p f r  + M 2"+w - £ « - ►  M 2L f f  + M p f
(S )
Scheme 7. The processes taking place in a competitive calorimetric titration.
According to Scheme 7, the stability constant for M2Lq+ (log ICs2) is the sum of the 
respective thermodynamic parameters o f the reaction and that for M iLn+.
log Ks2= log Ks(ov) - log Ks j ... (eq.49)
A similar procedure to that involved in the determination o f the stability constant by 
direct calorimetric titrations was used for the determination of KS(0V), but eqs. 43 and 44 
were modified to satisfy the conditions of the reaction:
...(eq.50)
[M /,+ ] = [M"+ \T -  [M, Z"+ ]
...(eq. 51)
[M2'n = i M 2n T - i m 2d +]
Therefore the overall stability constant from the reaction (KS(0V)) was calculated by the 
following equations:
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s(°v) [M ,Z"*]x[M 2,+ ]
...(eq.53)
K  [ M j n x m r y  - « z ] 2. -j m t m
"A'(ov)
([Z]r ~ [Af2 I?*]) X { W iq*]r - [ M 2Z,+ ])
([£]r+ [M,]r + H l Z j a r ) ±
[M2ZT] =---------------------- ^ -------
( [ i ] r . . .(eq.54)
2 0 - / - )
Av(ov)
Having determined [M2Lq+], the same procedure for the determination o f AH used in 
direct calorimetric titrations was applied for the determination o f the overall change of 
enthalpy, AH0V, for the competitive titration.
The thermodynamic parameters o f complexation were calculated from eqs. 38 and 39.
5.5.7. Determination of the stability constant using potentiometry:
The determination o f the stability constant o f LI with Ag+ (silver electrode) in 
acetonitrile and methanol at 298.15 K, and for Na+ (sodium electrode) in acetonitrile at
298.15 IC were carried using potentiometric titrations as described in the Experimental 
Section (4.5.2). The following Scheme shows the process taking place upon titration of 
the ligand into the vessel containing the metal cation salt solution:
M n+ + L — ^ M E ,+
Scheme. 9. Process taking place in a potentiometric titration.
Ks is calculated from the following equation (eq.55):
K.. = -------------  ...(eq.55)
A [I]x [M "+] 1 4  }
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Thus the equilibrium concentration o f the ligand, L was calculated from the total 
concentration, Lt (eq. 56). All concentrations are expressed on the molar scale:
[L] = [L]t -  [M T ] ...(eq.56)
The concentration o f the metal-ion complex [MLn+] was calculated from eq.57.
[MZT ] = [M "+ }r + [Mn+ ] ...(eq.57)
In eq.57, [Mn+] denotes the molar concentration o f the free metal cation at the 
equilibrium.
By inserting eqs. 56 and 57 into eq. 55, the following expression is obtained:
* , =    . . . ( e q . 5 8 )
5.5.8. Determination of the thermodynamic parameters of complexation of 
Ll and metal cations in acetonitrile and methanol at 298.15 K.
Thermodynamic data for Ll and monovalent metal cations in methanol at 298.15 K are 
listed in Table 28. The standard deviation o f the data was calculated using equation 34. 
Literature values are also included in this Table97.
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Table. 28. Thermodynamic parameters of complexation of Ll with 
alkali metal and the silver cation in MeOH at 298.15 IC.
Cation3 Log Ks ACG°, kJ mol'1 ACH°, kJ mol'1 ACS°, J K'1mol'1
Methanol
Li+ 4.1 ± 0.1b(4.1e) -23.4 ± 0.2b (-22.2e) -9.0 ± 0.5b(-7e) 50b (50e)
Na+ 6.2 ± 0.2° (7.9e) -35.4 ± 0.5°/ (-45.06) -46.5 ± 0.8° (-50.6e) -35c (-20°)
K* 4.73 ± 0.0l b(5.8e) -27.0 ± 0.1b/ (-33.l c) -33.8 ± 0.4b (-42.4e) -24b (-31e)
Rb+ 3.50 ± 0.03b(3.8e) -20.0 ± 0.5b/( -21.6e) -22.4 ± 0.3b (-17.5°) -8b (13e)
Ag* 6.6 ± 0.3d -37.7± 0.4b -47 ± 0.8b -29°
aLi+, Na+ and Ag+ as perchlorates; IC+ and Rb+ as chlorides; bDirect calorimetric titration; 
c Competitive titration calorimetry; dPotentiometry; eRef. 98
Data in Table 28 are compared with literature data98. Large differences are found between 
the results obtained in this thesis for sodium and potassium in their complexation with Ll 
in methanol with those reported in the literature97. The latter were obtained by 
potentiometry. Competitive calorimetry was used for the determination o f the stability 
constant o f Na+Ll complex in this solvent as the value was close to the limit of detection 
of the technique.
The results show that among alkali-metal cations the ligand shows selectivity for the 
sodium cation. However taking into account the standard deviation o f the data, it seems 
that Ll is unable to distinguish between Na+ and Ag+ in this solvent. Indeed stability 
constant values for this ligand and these cations do not differ significantly. No interaction 
between Ll and Cs+ in MeOH was observed.
The enthalpies and entropies o f complexation of Ll with Na+, K+, Rb+ and Ag+ in MeOH 
show that the processes o f complexation is enthalpically controlled and entropically 
unfavoured. However for Li+, the process is entropically controlled but favoured by both, 
enthalpy and entropy. Due to the high charge density of lithium, this cation is better 
solvated than any other alkali-metal cation in this series and therefore it is likely that a 
higher desolvation occurs upon complexation relative to cations down the Group. This 
will lead to a loss in enthalpic stability and a gain in entropy relative to other alkali-metal 
cations and this is indeed the case as shown in the entropy and enthalpy data for this 
system.
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It is o f interest to calculate in quantitative terms the selective behaviour of this ligand for 
a given cation relative to another. This is reflected in the selectivity factor, which is the 
ratio between the stability constants as shown in eq. 59:
Ks(Na*)
'*’* KS(M"*) ...(eq.59)
Table. 29. Selectivity of Ll for Na+ relative to other monovalent cations in 
MeOH at 298.15 K.
Cation (Mn+)
rtM n+
Na*
Li+ 130
Na+ 1
K+ 30
Rb+ 500
Ag+ 0.4
Selectivity factors for L l  towards Na+ relative to the rest o f cations are listed in Table 29. 
Thus the sodium-Ll complex is 126, 30 and 500 times stronger than lithium, potassium 
and rubidium cation complexes respectively. However L l  is more selective for Ag+ 
relative to Na+ in methanol. In fact the selectivity o f L l for Ag+ is 2.5 greater than for 
Na+.
Thermodynamic data for Ll and bivalent metal cations in methanol at 298.15 IC are listed 
in Table 30. Literature values are also included97.
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Table. 30. Thermodynamics parameters of complexation of Ll with
alkaline-earth, transition and heavy metal cations in MeOH at
298.15 K.
Cation Log Ks ACG°, kJ mol'1 ACH°, kJ mol'1 ACS°, J K^mol'1
Mg2+ 3.4 ± 0.3a -19.4 ±0.6 -1.2± 0.3 61
Ca2+ 11.3 ± 0.2b (£9°) -65+1 (>-51.3b) -31 ± 1 (- 25a) 115 (£88b)
Sr2+ 9.1 ± 0.7b (£9°) -51.9 ±0.8 (£-51.3b) -5.6 ±0.9 (-10a) 156 (^139b)
Ba2+ 6.1 ± 0.1b (7.2°) -35.4 + 0.3 (-41b) 0.5 ± 0.6 (2.5a) 121 (144b)
+CMOO 5.70 ± 0.02a -32.5 ±0.1 7.4 ± 0.2 133
Cu2+ 4.3 ± 0.04a -24.5 ± 0.3 13.2 ±0.4 124
Cd2+ 6.44 ± 0.02b -36.7 + 0.1 -21.4 ±0.4 51
Zn2+ 5.91 ± 0.02a -33.7 ±0.1 5.3 ±0.2 131
Hg2+ 4.6 ± 0.2a -26.3 ± 0.4 -33.4 ± 0.2 -24
Pb2+
a-r
4.53 ± 0.04a -25.8 ± 0.3
____  b/-i_____ ,*,*
-23.5 ± 0.4
1 , • .• Cvw r>
10
aDirect calorimetric titrations; Competitive calorimetric titrations, cRef. 97.
The value for the stability constant for Ba2+ reported in the literature97 is higher than the 
value obtained in this work (log Ks =7.2 and log Ks =6 .2  respectively). The value for the 
stability o f barium -Ll complex in this thesis was obtained through competitive 
calorimetry. This technique is suitable to determine stability constant greater than log Ks 
>6 . The value presented in the table is the average o f three calorimetric determinations.
As can be seen from the Table, except for Ba2+, no quantitative data have been reported 
for the stability constant o f L l  and bivalent metal cations in MeOH.
Relatively strong complexes are observed for Ca2+, Sr2+, Ba2+, Cd2+, Zn2+, and Co2+ in 
this solvent. Complexes o f moderate stability were found for the rest o f the bivalent 
cations. The complexation o f L l  with bivalent metal cations in MeOH shows a higher 
selectivity for Ca2+ (log Ks =11.3) than for other cations in this solvent. Both parameters, 
enthalpy and entropy contribute favourably to the complexation process with a slightly 
higher contribution from enthalpy. Data listed in Table 30 for the enthalpies and the 
entropies o f complexation for Mg2+, Sr2+, Ba2+, Co2+ Cu2+ and Zn2+ show that the 
processes o f complexation are entropically controlled and enthalpically unfavoured, 
except for Mg2+ and Sr2+, which are slightly enthalpically favoured. For Hg2+ and Pb2+,
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the processes are enthalpically controlled but for Hg2+ it is entropically unfavoured. For 
Cd , the process is favoured by both enthalpy and entropy, but enthalpy controlled.
The availability of stability constants for LI and bivalent cations in methanol allows the 
calculation o f the selectivity factor o f this ligand for cations in methanol (Table 31).
Table. 31. Selectivity of LI for Ca2+ relative to other bivalent metal cations 
in methanol at 298.15 K.
ciM"+
Cation (Mn+)
Mg2" 7.9x10'
Ca2+ 1
Sr2+ 1.6 x102
Ba2+ 1.6 x105
+CMoO 4.0 x105
Cu2+ 1.0 X107
Cd2+ 7.2 x104
Zn2+ 2.5 x10s
Hg2+ 5.0x10®
Pb2+ 5.9x10®
Selectivity factors o f LI with bivalent metal cations relative to Ca2+ in methanol at
298.15 K are shown in Table 31. This ligand is nearly 160 times more selective for 
calcium than it is for Sr2+. Compared to the remaining bivalent metal cations, the 
selectivity o f LI for Ca2+ is higher by factors ranging fromlO4 to 108 .
In order to assess the medium effect on the complexation process, thermodynamic studies 
involving this ligand and mono and bivalent cations were carried out in acetonitrile. 
Unlike methanol (protic solvent), acetonitrile is a dipolar aprotic solvent.
Thermodynamic data for LI and monovalent metal cations in acetonitrile at 298.15 K are 
listed in Table 32.
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Table. 32. Thermodynamic parameters of complexation for LI with 
monovalent metal cations in acetonitrile at 298.15 K.
Cation Log Ks ACG°, kJ mol'1 ACH°, kJ mol'1
ACS°, J K 'mor 
1
Li+ 9 .6 ± 0 .2 b(>8.5d) -55 ± 1 b(£48.4d) -51.68 ± 0 .6 b(-55a) 1 1 b
Na+ 9.8 ± 0.2 b(^8.5d) -56 ± 1 b (5:48.4 d) -67.61 ± 0.6b(-79d) -39b
K+ 7 .2 ± 0 .1 b(S8.5d) -41.0 ± 0.9b(>48.4d) -52.79 ± 0 .7 b(-64d) -40b
Rb+ 5.53 ±0.04a (5.7 d) -3 1.5 5  ± 0 .3 a(32.5d) -35.74 ± 0 .3 a -14 a (-17  d)
Ag+ 6.10 ° -34.8 ± 0.2° -28.70 ± 0 .3 a 20a
aDirect calorimetry; bCompetitive calorimetry; cPotentiometry; dReference 97
Relatively strong complexes were found with the monovalent metal cations (Li+, Na+, K+, 
Rb+ and Ag+) in MeCN at 298.15 K. The processes for Na+, IC+, Rb+ ai'e enthalpically 
controlled and entropically unfavoured. For Li+ and Ag+ cations, the process is 
enthalpically controlled and entropically favoured. The calculated selectivity factors o f 
LI for univalent metal cations relative to Na+ in acetonitrile are listed in Table 33.
Table. 33. Selectivity o f LI for Na+ relative to other metal cations in 
acetonitrile at 298.15 K.
Cation (Mn+)
r,M "+
Na*
Li+ 1.6
Na+ 1
K+ 398
Rb+ 18621
Ag+ 5012
Thermodynamic data for LI and bivalent metal cations in acetonitrile at 298.15 IC are 
included in Table 34. The standard deviation of the data are also included in this Table.
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Table. 34. Thermodynamics parameters of complexation for Ll with 
alkaline-earth, transition and heavy metal cations in 
acetonitrile at 298.15 K.
Log Ks ACG°, kJ mol1 ACH°, kJ mol1 ACS°, J K 'mor1
M g- 9.9 ± 0.2° -56.5 ± 0.3d -37.1 ± 0 .2 ° 65°
Ca2+ 14.5 ± 0.2b -82.7 ± 0.2b -10 5.7 ± 0 .2 b -7 7 b
Sr2+ 12 .7  ± 0 .1b -72.4 ± 0.4b -78.3 ± 0.2b -19 b
Ba2* 10.4 ± 0.6b -59.3 + 0.9b -48.8 ± 0.7b 35b
Pb2+ 1 1 .0 ±  0 .1b -62.7 ± 0.6b -102.6 ± 0 .8 b -13 3 b
Zn2+ 5.28 ± 0.04a -30.1 ± 0 .2 a -37.8 ± 0.2a -2 5 a
Cd2+ 11 .5  ± 0.2b -65.6 ± 0.3b -96.4 ± 0.6b -10 3 b
Hg2+ 9.9 ± 0 .1b -56.5 ± 0.8b -90.3 ± 0.5b - 1 1 3b
Cu2+ 5.30 ± 0.03a -30.2 ± 0.2a -5 1.3  ± 0.3a -7 1 a
Co2+ 5.50 ± 0.02a -3 1 .4 0 + 0.06a -48.8 ± 0.7a -58a
Ni2*
atai__x _ •_.
5.58 ± 0.02a
___
-31.8  ± 0.2a 4.9 ± 0.5a 12 3 a
aDirect calorimetric titrations; Competitive calorimetric titrations.
All bivalent cations form strong complexes with L l in acetonitrile. The complexation of 
Ll with Mg2+, Ca2+, Sr2+, Ba2+, Pb2+, Cd2+ and Hg2+ is characterised by very high stability 
constants (log Ks = 9.9, 14.5, 10.4, 11.0, 11.5 and 9.9 respectively). For Mg2+ and Ba2+ 
these processes are enthalpically controlled and entropically favoured. For Ca2+, Sr2+, 
Pb2+, Zn2+, Cd2+, Hg2+, Cu2+ and Co2+ the processes are enthalpically stabilised and 
entropically unfavoured. However for Ni2+, the reverse is true. The process is entropically 
controlled but enthalpically unfavoured.
From stability constant data the selectivity factors relative to Ca2+ are calculated and the 
values are shown in Table 35.
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Table. 35. Selectivity o f L l for Ca2+ relative to other alkaline-earth, transition and 
heavy metal cations in acetonitrile at 298.15 K.
ciM”+
Cation (H/T) *ca»
Mg 3.9 x104
Ca2+ 1
Sr2* 6.3 x101
Ba2* 1.2 x104
Co2* 1.0 x109
Cu2* 1.6 x109
Cd2* 1.0 x103
Zn2* 1.7 x109
Hg2* 4.0 x104
Pb2* 3.2 x103
Ni2* 8.3 x105
Table 35 shows how this ligand is much more selective for Ca2+ than for any other cation 
in this solvent. The selectivity o f L l  for Ca2+ relative to Sr2+ in acetonitrile is 63 times 
more selective for the former cation in this solvent. Relative to other cations, L l is more 
selective for calcium by factors which ranges fromlO3 tolO9 .
5.5.9. 1H NMR and complexation data
As pointed out earlier the difference between the chemical shifts between the equatorial 
and the axial protons o f the methylene bridge o f the calix(4)arene macrocycle provides an 
indication o f the conformational changes that the ligand undergoes upon complexation. 
Here attempts are made to correlate the changes in the A5ax-eq in moving from the ligand 
to the metal-ion complex (eq.60) with the stability constant (expressed on the logarithm 
scale) of the metal ion complex:
A ( A ^ )  = [A,5„-eq hcomplex \-E ^ax-eq -1receptor ...(eq.60)
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The A(A5ax-eq) can be understood as the intensity o f the chemical shift caused by the 
interaction o f the ligand with the guest species relative to the free ligand.
These values are plotted against the stability constants o f LI and metal cations in MeOH 
and MeCN to assess whether or not a correlation is found between these data and the 
A(A8ax-eq) values. In methanol and acetonitrile (Fig. 84).
logKs = a  + b&(ASm_al) ...(eq.61)
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Fig. 84. A plot o f A(A8ax-eq) values of LI with metal cations in CD3CN and 
CD3OD at 298 K against the stability constant in logarithm terms of LI with the 
same metal cations and corresponding solvent at 298.15 K.
Although the correlation is far from perfect (R2=0.4174), a trend can be identified where 
the intensity o f the chemical shift o f the axial and equatorial protons is directly 
proportional to the stability constant o f the ligand with the same cations. This means that 
if  the value for the A(ASax.eq) for LI with a metal cation is high, the stability constant for 
this complex will also be high and vice versa. It is also noticeable from the A(A8ax-eq) that 
the values obtained for the bivalent metal cations are higher than those for monovalent 
metal cations. In the case o f LI in methanol, the A(A8ax.eq) values for monovalent metal 
cations are lower than those found in acetonitrile. The same trend can be observed with 
the bivalent metal cations. The correlation between stability constants and the A(A8ax.eq)
R = 0.4174
o  Ca2f
T-------------------------------------------- T
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values shown in this plot fits well for the alkali and alkaline earth metal cations, while the 
transition and heavy metal cation data tend to increase less rapidly
5.5.10. Contribution of the cation desolvation and the binding process to 
complex formation of Ll with metal cations in acetonitrile and 
methanol at 298.15 K.
Attemps were made to establish whether or not there is a correlation between ACG°, ACH° 
and ACS°, and the solvation or hydration o f the metal cation.
There are two main processes involved in the binding of macrocycles and metal cations. 
These are, (i) ligand binding and (ii) cation desolvation. To obtain some information on 
which of these two processes predominates, thermodynamic data for complexation are 
plotted against the corresponding parameter of cation solvation in MeOH and MeCN 
(Figs.85-92) for uni and bivalent metal cations. Thus a plot o f the standard Gibbs energy 
of complexation vs. the standard Gibbs energy o f solvation for monovalent metal cations 
in MeOH at 298.15 is shown in Figs. 85. Data for the standard Gibbs energy o f solvation 
were obtained from AhydG° and AtG° values32,130 (based on the PI14ASPI14B convention128) 
for the transfer o f the metal cation from water to MeOH or MeCN (eqs.62):
A C
-g £ X ± ± M Z  (eq.62)
M "+ - **•■ -> M n+
In eq.62 Pt°, Phyd° and Psoiv° denote the thermodynamic functions (P°= G°, H 0 and S °) o f 
transfer, hydration and solvation respectively.
Plots for the standard enthalpy o f complexation against the standard enthalpy o f solvation 
for monovalent metal cations in MeOH at 298.15 are shown in Figs. 8 6 . Data for the 
standard enthalpy o f solvation were obtained from AhydH° and AtH° values32,130 (based on 
the PI14ASPI14B convention) for the transfer o f the metal cation from water to MeOH or 
MeCN130.
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Fig. 85.
-600
The standard Gibbs energy o f complexation o f L l  and monovalent cations 
in MeOH at 298.15 IC against the standard Gibbs energy o f cation 
solvation.
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Fig. 86. The standard enthalpy o f complexation of L l  and monovalent cations in 
MeOH at 298.15 K against the standard enthalpy o f cation solvation.
From Fig. 85, it seems that the absolute binding energies o f L l  for Rb+, K+ and Na+ 
cations in MeOH are higher than the energy required for the desolvation process. Among 
the alkali metal cations, a minimum Gibbs energy is found for the Na+ cation and L l
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(highest stability constant), and from then onwards the desolvation process appears to 
predominate over the binding energy (for Li+) and Ag+. Therefore the standard Gibbs 
energy becomes less negative (decrease in complex stability).
AsolG°, kJ mol’
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Fig. 87. The standard Gibbs energy o f complexation of L l and monovalent metal 
cations in MeCN at 298.15 K against the standand Gibbs energy of cation 
solvation.
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Fig. 8 8 . The standard enthalpy o f complexation o f L l and monovalent metal in 
MeCN at 298.15 K cations against the standard enthalpy of cation 
solvation.
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As far as acetonitrile is concerned, a plot o f complexation against cation solvation data is 
shown in Fig. 87. The results show that the absolute binding energy of LI for Rb+, K+ and 
Na+ cations in MeCN is higher than the energy required for the desolvation process. This 
behaviour is similar to the one observed in MeOH for LI and the same univalent metal 
cations. A minimum Gibbs energy is found for Na+ (highest stability constant), and the 
increase observed in the standard Gibbs energy o f complexation for Li+ and Ag+ with LI 
shows that the desolvation process predominates over ligand binding for these metal 
cations.
A similar correlation is carried out for complexation data involving bivalent cations. 
However there is hardly any data on the Gibbs energies and enthapies o f transfer for 
bivalent cations from water to other solvents. Considering that (i) AtG° values for bivalent 
cations are unlikely to be significant relative to the AhydG° and (ii) the trend observed in 
the AilydG° would not differ from those of solvation, ACG° values are plotted against 
A|iydG° o f these cations. Thus Figs. 89 and 90 show complexation data in MeOH against 
the Gibbs energy and enthalpy of hydration o f these cations respectively. Data in 
acetonitrile are shown in Figs .91 and 92.
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Fig. 89. The standard Gibbs energy of complexation o f L l and bivalent metal 
cations in MeOH at 298.15 K against the standard Gibbs energy of cation 
hydration
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Fig. 90. The standard enthalpy o f complexation o f L l and bivalent metal cations in 
MeOH at 298.15 IC against the standard enthalpy o f cation hydration.
155
R esults and  D iscussion
Fig. 89 shows a minimum values for ACG° for the Ca2+-L l system in methanol (higher 
stability constant). It is quite clear that the extent o f complexaton o f L I  with bivalent 
metal cations in methanol increases in moving from barium to calcium. However a drop 
in stability is observed from Ca2+ to Cu2+ as the standard hydration Gibbs energy o f the 
cation increases. In conclusion the results show that from Ba2+ to Ca2+ the binding energy 
predominates over the cation desolvation. However the latter overcomes the former as 
cation hydration (solvation) increases. In fact, the same pattern may be applied in terms 
of enthalpy, although mercury (II) does not seem to fit into this pattern (Fig.90).
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Fig. 91. The standard Gibbs energy of complexation L I and bivalent metal cations 
in MeCN at 298.15 K against the standard Gibbs energy o f cation 
hydration
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Fig. 92. The standard enthalpy o f complexation o f L l  and bivalent metal cations 
in MeCN at 298.15 IC against the standard enthalpy o f cation hydration.
As far as complexation data involving bivalent metal cations and L l  in acetonitrile are 
concerned, Fig. 91 shows a plot o f ACG° values against AhydG° o f bivalent metal cations. 
The pattern observed is similar to that found for the complexation process o f L l  with 
these metal cations in MeOH. In terms o f enthalpy, the highest enthalpic stability is found 
for Ca2+ and this ligand in acetonitrile. The results show that the binding energies seem to 
be stronger in acetonitrile than in methanol. The metal cations are more solvated in 
methanol than in acetonitrile. The former solvent is a better cation solvator than the latter. 
Therefore the cation desolvation process in MeOH is likely to be higher than in 
acetonitrile. This is reflected in the endothermic enthalpies found for the complexation 
processes between L l  with Ba2+, Co2+, Cu2+ and Zn2+ in methanol.
Although, these correlations show the importance o f cation solvation in complexation 
processes, the solvation o f the free and complex ligand may also play a significant role in 
the binding process. In the next Section, the medium effect is analysed for processes 
involving univalent cations.
To have a better understanding on the behaviour o f the ligand, metal cation, and ligand- 
metal cation complex in solution, the medium effect was investigated. Solvation o f the
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different species in solution can be evaluated from one solvent relative to another. The 
following discusses the medium effect on the complexation process.
5.5.11. The m edium  effect on the complexations of L I  w ith uni and bivalent 
m etal cations.
The medium effect on the complexation can be assessed from the ratio o f the stability 
constant for this ligand and a given cation in a solvent relative to another.
a s, __ K  ( M  ) mcCN ,
"°c"  KS(M"*)S "  q'
The medium effect on the complexation o f L I  with univalent cations in acetonitrile 
relative to methanol is quantitatively assessed. Data are shown in Table 36.
Table. 36. Selectivity o f L I  for univalent metal cations in methanol relative to 
acetonitrile at 298.15 K.
M etal
cation
nMcOH
MeCN
Li+ 3.2 xlO5
Na+ 4.0 xlO3
K+ 3.0 xlO3
R b+ 1.1 xlO2
Ag+ 3.2x10''
Data presented in Table 36 shows that the selectivity o f L I  towards alkali metal cations 
in methanol relative to acetonitrile increases as the size o f the metal cation increases. 
Data for the transfer Gibbs energy o f metal cations from MeCN to MeOH show the level 
of solvation o f these systems in one solvent relative to the other.
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Fig. 93. A plot o f the transfer Gibbs energy o f monovalent metal cations from 
MeCN to MeOH at 298.15K (data based in the PfoAsPbqB convention128) against 
the selectivity o f L l  (logarithm scale), for these metal cations in MeOH relative to 
MeCN at 298.15 K.
A plot of the transfer Gibbs energy, A,G°^(l^ , of alkali metal cations and silver cation (as 
perchlorates) from acetonitrile to methanol against the log( ) (Fig. 93) shows a 
linear regression o f the type:
A, G°(M ,,+ )(MeCN MeOH) = a + b log . . .  (64)
The positive values for the transfer Gibbs energies o f Ag+, Rb+ and K+ cations from 
acetonitrile to methanol ( A,G°J2 ^  ) shows that these cations are more solvated in
acetonitrile. The negative values of AtG ° ^ c^  found for Li+ and Na+ reflects a better 
solvation o f these cations in methanol relative to acetonitrile. The selectivity o f L l 
towards metal cations in methanol relative to acetonitrile is strongly dependent on the 
solvation o f the cations in these solvents, therefore the selectivity in methanol decreases 
as the solvation o f these cations in the same solvent increases.
The selectivity o f L l  for bivalent metal cations in methanol relative to acetonitrile at
298.15 K is reported in Table 37.
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Table. 37. Selectivity o f L l for bivalent metal cations in methanol relative to 
acetonitrile at 298.15 IC.
M etal
cation
nMaOH
MeCN
Mg2+ 3.2 x106
Ca2+ 1.6 x103
Sr2+ 4.0x103
Ba2+ 2.0 x104
Pb2+ 3.0 x10s
Zn2+ 2.3x10‘1
Cd2+ 1.1 x105
Hg2+ 2.0 x105
Cu2+ 1.0 x101
Co2+ 6.3x10'1
Selectivity o f L l  for bivalent metal cations for methanol relative to acetonitrile reported 
in Table 37 shows a higher selectivity for Zn2+ and Co2+. Scarcity o f data for the transfer 
Gibbs energies of bivalent metal cations from methanol relative to acetonitrile does not 
allow to explore whether or not eq. 64 can be applied to bivalent metal cations.
The m edium  effect on the com plexation process involving univalent m etal cations 
and L l
The medium effect is analysed through the following thermodynamic cycle45,129:
M n+  4 -  T 1 c  ^ M T  1 n+
M eCN ^  M eC N  ( T j  ^  1 V L U L McCN
4 '  A  G ° (3 )  X  A  G ° ( 4 )  4 '' A  G ° (5 )
...(eq, 65)
M n +  4 - / 1  AcG ° ^ M T V l+
M eO H M eO H  ( 2 )  ^ 1 V L U L MeOH
In this cycle 1 and 2 are the standard Gibbs energies o f cation complexation, ACG°, in 
acetonitrile and methanol respectively. The transfer Gibbs energies, AtG°, from
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acetonitrile to methanol for the metal cation, the ligand and the metal-ion complex are 
represented by 3, 4 and 5 respectively. Single-ion values for M n+ are based on the 
assumption that AtG° (Pli4As+) = AtG° (Pli4As+Ph4B ')128. Transfer data for the free metal 
cation from MeCN to MeOH are those from the literature130. The AtG° value for the 
ligand is that given in Table 16 and ACG° values in MeCN and MeOH are those listed in 
Tables 28 and 32.
By inserting the appropriate Gibbs energy values in eq.65 for Li+, Na+, IC+, Rb+ and Cs5
-55  kJ mot'1Li (MeCN) + L I  (MeCN) Li L I (MeCN)
-23.64 kJ mol"1 -5 kJ mol' 1 2.96 kJ mol"
v 1 f r
...(eq .66)
Li+(MeOH) + Ll(M eO H ) -23 .4  kJ mol'1 Li+Ll(M eO H)
Na+(MeCN) + L l(M eC N ) -56 kJ mol' -> Na'XICMeCN)
-5.23 kJ mol' 1 -5 kJ mol"1 10.37 lcJmol' 1 ...(eq.67)
V 1r 5r
Na+(MeOH) + Ll(M eO H ) -35.4 kJ mol'1 ■> Na+Ll(M eOH )
K+(MeCN) + Ll(M eCN ) -41.0 kJ mol' -> K L I (MeCN)
10.88 kJ mol' 1
K+(MeOH) + Ll(M eO H ) — — K+Ll ( MeOH)
1 .8 8  kJ mol ' 1 -5 kJ mol ' 1
T >r ▼
...(eq.68)
Rb+(MeCN) + L I (MeCN) — --  — ']1'->  Rb+Ll(M eCN)
9.37 kJ mol' 1 -5 kJ mol' 1
V 5r ▼
15.97 k J m o r  ...(eq.69)
Rb+(MeOH) + Ll(M eO H ) — — — — Rb+Ll ( MeOH)
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Ag+(MeCN) + Ll(M eC N ) ~25 5 fcJ m°''' > Ag+Ll(M eCN)
17.5 kJ mol' 130.1 kJ mol' 1 -5 kJ mol' 1
▼ i r ▼
...(eq.70)
Ag+(MeOH) + Ll(M eO H ) — — — 4  Ag+LX(MeOH)
It follows from the cycle that the higher stability o f lithium and L l  in acetonitrile relative 
to methanol is due to the favourable contribution o f the reactants (more solvated in 
MeOH than in MeCN) and the product (more solvated in acetonitrile than in MeOH). A 
similar situation is observed for sodium although the contribution o f the free cation is 
lower than for lithium but this is partially compensated by the more favourable 
contribution of the complex cation relative to the lithium complex. As far as potassium 
and rubidium are concerned, the higher stability observed in MeCN relative to methanol 
is due to the lower solvation o f the ligand in MeCN and the higher solvation of the 
complex in this solvent. Clearly the free cation being better solvated in MeCN relative to 
MeOH does not contribute favourably to complexation in the former medium. This 
unfavourable effect is overcome by the contribution of both, the ligand and the complex.
It is well established that the silver cation is highly solvated in acetonitrile relative to 
methanol as reflected in the AtG° values from acetonitrile to methanol53b,13°. To a lesser 
extent this is also the case for the silver-Ll complex. Both, the metal-ion complex and 
the ligand contribute favourably to a higher stability in acetonitrile. However this is 
overcome by that o f the metal cation which being more solvated in MeCN than in MeOH, 
contribute favourably to the stability o f complex formation in the latter solvent. The net 
result is that the stability o f Ag+ and L l  is higher in MeOH than in acetonitrile.
In the next section the complexation thermodynamics o f the calix[5]amide derivative, L2 
and metal cations in acetonitrile and methanol is discussed.
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5.5.12. D eterm ination of the therm odynam ics of com plexation of L2 and 
m etal cations in acetonitrile and m ethanol at 298.15 K.
Thermodynamic parameters o f complexation for L2 with alkali, alkaline-earth, transition 
and heavy metal cations in methanol and acetonitrile at 298.15 K were investigated by 
Danil de Namor and co workers69 and the data are shown in Tables 14 and 15 in the 
Introduction (Section 3.4). In this thesis the complexation o f L2 with Co2+ and Cu2+ in 
acetonitrile and methanol at 298.15 K was investigated in order to have a complete set of 
data on these systems.
Tables 38 and 39 show the thermodynamic parameters o f complexation o f L2 with Co2+ 
and Cu2+ in acetonitrile and methanol respectively. Values reported in the literature69 are 
also included in these Tables.
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Table. 38. Thermodynamic parameters o f  complexation o f  L 2  with
bivalent alkaline-earth, transition and heavy metal cations in 
acetonitrile at 298.15 K.
-Cg*ioq________ log Ks A„G°. KJ mol'1 A„H°. kJ mol'1 .1 k  ^
Mg2+ 6 .1 ° -34.8°
Ca2* 8.9° -50.9°
Sr2* 1 0 .1 ° -57.6°
Ba2+ 1 1 .1 ° -63.4°
Pb2* 7.7b -44.1 b
Zn2+ 4.4° -25.3°
Cd2+ 5.3° -30.4°
Hg2* 5.8° -33.5°
Cu2* 4.8± 0.01a -27.5 ± 0.2a
Co2* 4.5± 0.03a -25.9± 0.4a
NI2* 5.5° -3 1 .2 °
C °,  l'  J K' mol'1
-6 1 .3 °  ^89c
-7 8 .3 ° -9 2 °
-85.6° -9 4 °
-1 2 2 .5 C -198°
-75.6 b -10 6 b
-105.9° -270°
- 1 1 3 .5 °  -2 7 9 °
- 1 2 2 .0 °  -2 9 7 °
-56.1±  0.3a -96a
-35.5± 0.3a - 3 3 a
-35.6 ° -15 °
This work ‘Diiect calorimetric titrations; Competitive calorimetric titrations; °Ref. 69
Table. 39. Thermodynamic parameters o f complexation o f L 2  with
bivalent alkaline-earth, transition and heavy metal cations in 
methanol at 298.15 K.
Cation log Ks
ACG° 
kJ mol'1
ACH° A°S° 
kJ mol'1 j  K'1mol'1
Mg2* 3.0C -17.2 34.8 1 7 4
Ca2* 5.1 0 -29.2 -26 10
Sr2* 7.9° -45.2 -19.8 85
Ba2* 9.3 c -52.8 -17.8 1 1 6
Pb2* 5 . 2 c -29.2 -31.2 -7
Zn2* 5 . 1 ° -29.1 -42.4 -47
Cd2* 4.9° -27.7 -38.7 -27
Hg2* 5 . 0 C -28.2 -32.9 -16
Cu2* no measurable heat was observed
Co2* 4 . 9 ±  0 . 0 1 a - 2 8 . 0  ±  0 . 1 a 1 6 . 9  ± 0 . 5 a 1 5 1
Ni2*
-ri •_ ____ a-r
5.2 a -29.7 -35.6
k _
-20
cRef. 69.
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The thermodynamic parameters o f complexation between L2 and metal cations in 
acetonitrile and methanol at 298.15 K were already discussed in the Introduction Section 
of this thesis, therefore this study is only concerned with the interaction o f L2 with Cu2+ 
and Co2+ in acetonitrile and methanol.
Data for the complexation process o f L2 with Cu2+ and Co2+ (Table 38) in acetonitrile 
shows that the binding process is enthalpically controlled and entropy destabilised. No 
data could be obtained for L2 and Cu2+ in methanol by titration calorimetry as no 
measurable heat could be observed in the reaction. Conductometric titrations (Section 
5.4.5) involving L2 and Cu2+ in methanol indicated a complex o f 1:1 (ligand/metal 
cation) composition in this solvent. Therefore the absence o f any measurable heat in the 
calorimeter strongly suggests that an entropically controlled process takes place between 
L2 and Cu2+ in methanol. As for the complexation of L2 and Co2+ in methanol (Table 
39), the process is entropically controlled and enthalpically destabilised. This dynamic 
behaviour is typical o f systems which undergo strong desolvation upon complexation. A 
similar behaviour is found for Mg2+ and L2 in this solvent.
In an attempt to investigate the role of binding and cation desolvation on the 
complexation process, complexation data are plotted against the cation hydration Gibbs 
energy (Figs. 94 and 96) and enthalpy (Figs. 95 and 97).
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AHydG0, kJ mol'1
Fig. 94. The standard Gibbs energy of complexation o f L2 and bivalent metal 
cations in MeCN at 298.15 IC against the standard Gibbs energy o f cation 
hydration
Fig. 95. The standard enthalpy o f complexation o f L2 and bivalent metal cations 
in MeCN at 298.15 K against the standard enthalpy o f cation hydration.
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Data for the complexation o f L2 with cobalt and copper cations in acetonitrile fit well 
into the correlation previously shown between ACG° values o f bivalent cations and this 
ligand in acetonitrile and AhydG° o f bivalent cations as shown in Fig. 94. The same 
statement applies in terms o f enthalpy (Fig 95).
AhydG °(kJm ol*1)•1000 -1600
*40.0
4
Ba
Fig. 96. The standard Gibbs energy of complexation of L l  and bivalent metal 
in MeOH at 298.15 K cations against the standard Gibbs energy o f cation 
hydration.
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Fig. 97. The standard enthalpy o f complexation o f L l  and bivalent metal cations 
in MeOH at 298.15 K against the standard enthalpy o f cation hydration.
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For L2 and the cobalt cation in methanol, the standard Gibbs energy of complexation fits 
in the correlation found for this ligand and other metal cations. For most bivalent metal 
cations and L2, the process taking place is accompanied by a favourable enthalpy 
(exothermic process). However for Co2+ and Mg2+, the complexation process is 
endothermic and the data do not fit with the correlation previously found between 
enthalpies of complexation and cation hydration.
In Fig. 98, a lineal regression between the standard Gibbs energy o f hydration and the 
standard Gibbs energy o f complexation o f L2 and metal cations in acetonitrile was 
obtained. This behaviour was attributed to the lower selective behaviour o f this ligand for 
bivalent metal cations relative to that involving L l  in this solvent (Fig. 98). It is quite 
clear from these results that as the number of phenyl units in the structure of the 
calixarene increases, the flexibility o f the ligand increases and therefore the selectivity 
decreases. This is shown in Figs. 98 and 99 where complexation data for both ligands and 
bivalent cations are plotted against hydration Gibbs energy o f the latter.
A HydG°, kJ mol"1
- 2 4 0 0  - 2 0 0 0  - 1 6 0 0  - 1 2 0 0
i------- 1--------1--------1--------1------- 1--------1------- 1------- 1------- 1--------1------- 1-------- 20
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Fig. 98. The standard Gibbs energy o f complexation of L l  and L2 with bivalent 
metal cations in MeCN at 298.15 IC against the standard Gibbs energy of 
cation hydration
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Fig. 99. The standard Gibbs energy o f complexation o f L l  and L2 with bivalent 
metal cations in MeOH at 298.15 IC against the standard Gibbs energy of 
ation hydration.
This is further explored in the next Section which is concerned with the thermodynamics 
associated with the calix[6]arene amide derivative and bivalent cations in methanol.
5.5.13. D eterm ination of the therm odynam ics of com plexation of L3 and 
m etal cations in m ethanol a t 298.15 K.
Table 40 lists the thermodynamic parameters o f complexation for L3 and alkaline-earth, 
transition and heavy metal cations in methanol at 298.15 K.
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Table. 40. Thermodynamic parameters o f complexation of L3 and alkaline-earth, 
transition and heavy metal cations in MeOH at 298.15 K.
Cation log Ks ACG°, kJ mol’1 ACH°, kJ mol'1 ACS°, J K'1mol'1
Ca2* 4.11 ± 0.08 -23.6 ± 0.4 25.5 ± 0.2 165
Sr2+ 5.20 ±0.03 -29.7 ±0.1 18.3 ±0.2 161
Ba2* 4.2 ±0.1 -24.2 ± 0.8 28.98 ± 0.2 178
Cu2+ 4.1± 0.1 -23.2 ± 0.7 32.7 ± 0.3 187
Cd2+ 5.70 ± 0.02 -32.5 ±0.1 11.7 ±0.1 148
Hg2+ 5.34 ± 0.06 -30.5 ±0.3 13.9 ±0.9 149
Pb2+ no measurable heat
Mg2* no measurable heat
Ag* no measurable heat
Data in Table 40 shows that the stability o f complex formation follows the sequence:
Cd2+ > Hg2+ > Sr2+ > Ba2 = Ca2+ = Cu2+
Relatively moderate stable complexes were found between L3 and the metal cations 
reported in Table 40. The highest stability was found for Cd2+ and this ligand (log Ks = 
5.7) in this solvent. However the selectivity factor o f L3 for Cd2+ as compared to other 
metal cations (Table 41) shows that the selectivity o f L3 for these cations is relatively 
low as compared with L I  and L2.
Table. 41. Selectivity o f L3 for Cd+ relative to other bivalent metal cations 
in methanol at 298.15 K.
Cation Mn*
q M "+ 
Cd2+
Ca2* 39
Sr2* 3
Ba2* 32
Cu2* 40
Cd2* 1
Hg2* 2
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Table. 42. Standard Gibbs energy of complexation between L3 and bivalent metal 
cations in methanol at 298.15 K.
Cation ACG°, kJ mol'1 Cation ACG°, kJ mol'1
Ca2+ -23.6 Sr2+ -29.7
Ba2+ -24.2 Cd2+ -32.5
Cu2+ -23.2 Hg2+ -30.5
Average 
and 
St. Dev.
-23.7 ±0.5 -31 ±1
In Table 42, the metal cations are grouped according to their similar- standard Gibbs 
energies o f complexation with L3 in MeOH. From the standard deviation shown in Table 
42 it is quite clear that L3 is unable to distinguish between Ca2+, Ba2+ and Cu2+, and the 
same occurs with Sr2+, Cd2+ and Hg2+. For these cations, the ACG° values do not differ 
significantly. Therefore, it can be concluded that i) the selectivity o f L3 for bivalent metal 
cations in methanol is very poor and ii) the enthalpy and entropy are strongly 
compensated for systems in which close ACG° values are found . However the most 
distinctive feature o f the data is that the stability o f the complex is entropy controlled 
since in all cases the process is not stable in enthalpic terms. Entropy controlled processes 
are associated with a strong desolvation of either cation (most likely) or ligand upon 
complexation. Given that energy is required for cation desolvation, this may explain the 
endothermic character o f the process.
The stability constant and enthalpies of complexation between L3 with Pb2+, Mg2+ and 
Ag+ were not determined by titration microcalorimetry as no measurable heat could be 
observed. This may be attributed either to a very weak complexation as shown in the 
conductometric titrations for L3 and these metal cations in methanol, and/or to a 
entropically controlled process with relatively small values for the enthalpy and therefore 
calorimetry is not a suitable technique to determine the stability of complex formation.
A plot of ACH° vs ACS° (Fig. 100) is almost lineal as a result o f an enthalpy-entropy 
compensation process. Given that the Gibbs energy o f these complexes differ between 
the two group of cations shown in Table 42 the slope differ significantly from the value
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of 298.15 K. Therefore it is concluded that enthalpy and entropy are substantially but not 
fully compensated between these two groups o f cations.
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ACH°=535.5 (K)AcS°-64.78 (kJmoI'1) 
R2=0.95; n=6
0.12 0.14 0.16
ACS° (kJ.K'1mor1)
0.18 0.2
Fig. 100. A plot o f enthalpy vs. entropy of complexation of L3 with bivalent 
metal cations in methanol at 298.15 K.
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Fig. 101. Standard Gibbs energies o f complexation of L3 and bivalent metal cations 
in MeCN at 298.15 K against the standard Gibbs energy of cation 
hydration
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Fig. 102. Standard enthalpy of complexation of L3 and bivalent metal cations 
in MeOH at 298.15 K against the standard enthalpy o f cation hydration.
The plot for the Gibbs energy o f complexation of L3 and bivalent metal cations in MeOH 
at 298.15 K against the standard Gibbs energy o f cation hydration (Fig 101) shows again 
the poor discrimination o f this ligand for these metal cations. Strong cation desolvation 
processes might be attributed to this behaviour overcoming the processes o f ligand 
binding. Fig. 102 shows a plot o f the enthalpy of complexation o f L3 with bivalent metal 
cation in methanol against the enthalpy o f cation hydration.
Having established the thermodynamic parameters of complexation o f L I  and L2 with 
metal cations in acetonitrile and L I , L2 and L3 with metal cations in methanol at 298.15 
K, a comparative assessment on these ligands and their affinity for metal cations in the 
relevant solvent is now made.
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5.6. A com parative study on the interactions of L l ,  L2 and L3 w ith metal cations 
in acetonitrile and m ethanol a t 298.15 K.
k
Fig. 103. The p-ferributyl-calix[n]arene-diethyl-acetamide derivatives (n= 4-6)
Prior to the comparative study o f the three ligands, a brief summary encompassing the 
work carried out is presented in the following paragraphs.
The scheme o f the work carried out for each individual ligand and its complexation with 
metal cations in different media at 298.15 K gave the information required to gain a 
better understanding o f the various processes involved in complex formation. Solubility 
studies o f the ligands in various solvents led to the calculation of the transfer Gibbs 
energy o f these ligands from one solvent to another. This parameter gives the differences 
in the solvation o f the ligand between two solvents. As such it was used in the 
thermodynamic cycles o f L l  to establish if  the effect of the medium on the ligand plays a 
role on the strength o f cation complexation in one solvent relative to another.
The !H NMR of the free ligands in various solvents revealed the -conformation that the 
macrocycles adopts in each solvent. The analysis o f the chemical shift changes that the 
protons o f the ligand undergoes upon complexation with metal cations, gave information 
on the active sites o f interaction o f the ligand , the conformational changes that the 
macrocycle adopts after interacting with the guest species and the strength o f 
complexation . These are indeed the most important information gathered from the *H
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NMR investigations. This last property was corroborated in a qualitative way by the 
conductometric titrations that also showed the stoichiometry o f complex formation 
(ligand/metal cation) in a specific solvent at 298.15 K. Lastly, the thermodynamic 
parameters o f complex formation between the ligand and metal cations portrait the 
previous information gathered into quantitative data. The stability constant and standard 
Gibbs energy of complexation gives absolute values of the strength o f complexation of 
the ligand with the guest species. The stability constant can also be used to compare in 
quantitative terms the selectivity o f a ligand towards a guest species relative to another. 
Values for the enthalpy and entropy o f complexation show how these two parameters 
contribute favourably or unfavourably to the stability o f complex formation. Values for 
the transfer Gibbs energy for the metal cations between the two solvents used, as well as 
the transfer Gibbs energies o f the ligand and standard Gibbs energy o f complexation with 
the same metal cation in the two solvent systems were related in a thermodynamic cycle. 
The cycle was used to calculate the transfer Gibbs energy o f the complex from one 
solvent to another. Therefore with this information, the level of solvation o f the species in 
solution (ligand, metal cation and ligand/metal cation complex) in a given solvent relative 
to another can be analysed to decide which one contributes or destabilise the complex in 
a solvent relative to another.
From the information and knowledge gained from the previous studies, a comparative 
analysis o f the three ligands and their complexation with metal cations is now carried out.
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5.6.1. Solubility studies for L I, L2 and L3
Data for the solubility and standard Gibbs energy of solution o f L I , L2 and L3 in 
different solvents are shown in Table 16. The standard transfer Gibbs energy from 
acetonitrile to other solvents is also included in this table.
The solubilities for L I , L2 and L3 in the various solvents show different patterns 
depending on the solvent system under study. In some cases such as methanol and 
ethanol (protic solvents), the solubility o f the ligand decreases as the number of 
substituted phenyl units increases. In dipolar aprotic media such as DMF and MeCN, a 
peak selectivity for these solvents is found for the cyclic pentamer, and decreases 
substantially as the cavity size increases (as observed for L3). This behaviour is similar to 
the one observed for the unsubstituted parent calix[n]arenes, where the solubility in 
MeCN, MeOH and EtOH of the cyclic pentamer is the highest and decreases as more 
phenyl units are added to the cyclic array85.
The standard transfer Gibbs energy as previously stated, allows to establish a comparison 
on the level o f solvation o f the ligands in one solvent relative to another. L I  and L2 show 
a different behaviour in solvation, as the former has the poorest solvation in acetonitrile 
while the latter is highly solvated in this solvent (only in DMF the solvation is higher 
than in acetonitrile). L3 has a more similar behaviour in solvation terms to that found for 
L I than for L2. L3 is more solvated in toluene, ethanol and methanol relative to 
acetonitrile, but less solvated in DMF.
Following the solubility study o f L I , L2 and L3 in different media, a comparative study 
of the lH NMR spectrums o f L I  and L2 in different solvents at 298 K is now carried out.
5.6.2. XH  NM R studies of L I and L2 in different solvents a t 298 K.
Data for the 'H  NMR chemical shift changes of the aromatic proton (2) and the 
difference between the chemical shifts changes of the axial and equatorial protons for L I 
and L2 in different media are shown in Table 43.
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Table. 43. 1H NM R of the aromatic proton (2) and chemical shift changes for the 
axial and equatorial protons (A5ax-eq) o f L l  and L2 in CDC13, CD3CN and CD3OD 
at 298 K.
CDCI3 c d 3cn CD3OD
L1 L2 L1 L2 L1 L2
2  6 . 7 9 6 . 9 7 . 1 3 7 . 1 4 6 . 8 2  6 . 9 5
ASax-eq 2 .0 1 1 .6 7 2 . 0 2 1 .7 8 1 .7 8  1 .5 4
The difference o f chemical shift o f the axial and equatorial protons (A8ax-eq) for L l  and 
L2 in CDCI3 at 298 K  (2.01 and 1.67 ppm respectively) shows that the former adopts a 
more distorted “cone” conformation than the latter. When moving from CDCI3 to 
CD3CN, the A8ax.eq for L2 (1.78 ppm) increases relative to CDCI3, adopting a more 
distorted conformation. As for L l ,  the A8ax.eq remains the same (2.02 ppm) relative to 
CDCI3. The ASax-eq values observed for L l  and L2 in CD3OD (1.78 and 1.54 ppm 
respectively) show that for both ligands the degree of distorsion o f the“cone” 
conformation is lower than that in CDC13. Although the A8ax.eq value for L2 is lower than 
for L l  in this solvent, this difference relative to CDCI3 is higher for the latter.
As far as the aromatic proton (2) is concerned in CD3CN relative to CDCI3, L l  shows a 
more pronounced chemical shift change than L2 (0.33 and 0.15 ppm respectively). The 
chemical shift changes observed in the aromatic proton in acetonitrile was previously 
attributed to solvent interaction with the hydrophobic cavity114,116,117. The solubility o f L2 
in acetonitrile is higher than that found in L l .  Therefore the lower chemical shift change 
of L2 relative to L l  might be attributed to a better fitting o f the solvent molecules around 
the conformation adopted by L2. While for L l ,  the ligand has to rearrange its 
conformation in order to interact with the solvent. This result in a higher solvation in 
acetonitrile for L2 compared to L l .
Now that conformational changes of L l  and L2 in different solvents have been 
established via NMR at 298 IC, a comparative study for the !H NMR chemical shift
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changes o f L l  and L2 upon addition o f metal cations in CD3CN and CD3OD at 298 K is 
carried out.
5.6.3. 1H  N M R studies of L l  and L2 w ith metal cations in CD3CN and 
CD3OD a t 298 K.
Data for the !H NMR for the A8ax-eq (ppm) and A(A5ax-eq) (ppm)of L l  and L 2  with metal 
cations in CD3CN at 298 K are shown in Table 44.
Table. 44. Values for the chemical shift changes o f the axial and equatorial protons 
(A5ax-eq) o f L l  and L2 with metal cations in CD3CN at 298 K. Values of 
the intensity o f the chemical shift changes (A(A8ax-eq)) for L l  and L 2  with 
metal cations in CD3CN at 298 IC
A8aX-ea A(A8ax-ea)
Free
L l L2 L l L2
ligand 2 .0 2 1.78
Li+ 1 .2 0 0.78 0.82 1.0 0
Na+ 1 . 1 1 0.83 0.91 0.95
IC+ 1 .2 2 1.32 0.80 0.46
Rb+ 1.24 1.26 0.78 0.52
Cs+ 1.51 1 .2 0 0.51 0.58
Ag+ 1.40 0.70 0.62 1.08
Ca2+ 0.57 0.91 1.45 0.87
Sr2+ 0.60 0.92 1.42 0.86
Ba2+ 0.68 0.77 1.34 1 .0 1
Pb2+ 0.63 0.7 1.39 1.08
Zn2+ 0.57 0.78 1.45 1.0 0
Cd2+ 0.57 0.93 1.45 0.85
Hg2+ 0.58 0.7 1.44 1.08
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The conductometric titrations for L2 and Li+ and Na+ cations in acetonitrile showed the 
formation o f 1:2 (ligand/metal cation) complexes. Therefore a direct comparison with L I 
and the same cations cannot be performed as the processes involved would be different. 
Values for the A(A5ax_cq) and ASax.eq for L I and L2 in CD3CN are shown in Table 44.
By observing the ASax.eq values o f L I  with K+, Rb+ and Cs+ in CD3CN at 298 K (1.22, 
1.24 and 1.51 ppm; Table 42), the degree o f distortion o f the “cone” conformation 
increases. These same values for the L2 (A8ax.eq= 1.32, 1.26 and 1.20 ppm respectively) 
shows that the degree o f distortion of the “cone” conformation decreases when 
complexing with the larger metal cations. The difference o f chemical shifts changes 
between the free ligand and ligand-metal complex (A(ASax_eq)) for alkali metal cations 
(K+, Rb+ and Cs+) for L I and L2 in CD3CN shows an interesting pattern. While values 
found for L I for these metal cations decreases (0.80, 0.78 and 0.51 ppm respectively) as 
the size o f the metal cation increases, L2 shows an opposite behaviour (0.46, 0.52 and
0.58 ppm). This can be attributed to the size of the cavity that hosts these metal cations. 
As L2 possesses a larger cavity, it will accommodate larger cations such as Rb+ and Cs+, 
while L I will be more comfortable hosting smaller cations.
Values observed for the ASax.eq o f L I  and L2 with bivalent metal cations in CD3CN at 
298 K shows that the former ligand adopts a “flattened” cone conformation while the 
latter adopts a “perfect” cone conformation. The behaviour observed in L I  relative to L2 
was different from that expected. As the cavity size for L I is smaller, it was expected that 
the hydrophilic cavity would open more widely than L2. This can be attributed to the 
coordination between L I  and these metal cations. May be as the binding sites in L I are 
closer to the metal cations, a better coordination can be achieved, and as a consequence 
the binding sites will come closer to the metal cation. As for L5, the larger cavity size 
keeps the binding sites further from the metal cation and a weaker coordination takes 
place. This is reflected in the higher stability o f complex formation found for L I  relative 
to L2 in acetonitrile. The A(A8ax.eq) values for L2 with Ba2+ (1.01 ppm) corroborate this 
statement. Due to the large size of the Ba2+ cation, this cation is likely to fit better in a 
large cavity (L2) than in a small one (LI). The binding sites o f L2 may be closer to the 
metal cation and therefore a suitable coordination can be achieved. Therefore the A(A8ax. 
eq) value will be higher than those found with smaller metal cations. The high stability
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constant o f L2 with Ba2+ in acetonitrile (log Ks =11.1) supports the idea that this ligand 
form stronger complexes with larger metal cations than with the smaller ones.
As far as lH NMR interactions of L l  and L2 with bivalent metal cations in CD3OD at 
298 K are concerned, a comparison between the chemical shifts o f the axial and 
equatorial protons cannot be performed. This is due to the overlapping observed in the 
equatorial proton (4) o f L2. The axial proton for L l  and L2 shows a higher deshielding 
value for the former relative to the latter upon interaction with bivalent metal cations, 
while L2 shows a stronger deshielding with alkali metal cations relative to L l  in CD3OD.
5.6.4. A com parative study on the conductance behaviour o f m etal cations 
and L l ,  L2 and  L3 in acetonitrile and m ethanol a t 298.15 K
In moving from L l  to L2 and L3, the number of substituted phenol units increases in the 
cyclic array. Therefore it is useful to assess this effect on the conductance behaviour of 
these ligands in their interaction with metal cations in these solvents.
Conductometric titrations o f imi and bivalent metal cations with L l ,  L269 and L3 in 
methanol reflect that except for L3, ion-ligand interactions are stronger with alkali metal 
cations than with transition and heavy metals.
As reflected in the *H NM R studies carried out with these systems, interaction between 
these ligands with cations occurs through the ethereal and carbonyl oxygen atoms in the 
lower rim o f these macrocycles. The conductometric titration curves for L l  and L2 
reflect a stronger interaction o f these ligands with alkali and alkaline-earth metal cations 
than with transition and heavy metals. This follows the behaviour previously 
observed30,32,54,85 which demonstrated that ligands containing hard donor atoms interact 
strongly with hard metal cations. The intermediate donor atom (N) helps in the 
interaction with soft metal cations such as Hg2+ and transition metal cations.
Conductance measurements for L2 with Rb+ and Cs+ in acetonitrile and methanol at
298.15 K suggests the formation o f complexes o f moderate stability, while for L l  and L3 
the interactions are very weak. It seems that the cavity size o f L2 suits better the large 
alkali metal cations than L l .  As for L3, the absence o f cavity (assuming a 1,2,3 alternate
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conformation) seems to decrease the stability of this ligand with these cations. Also L2 is 
able to host two cations in the case of Li+ and Na+ with the formation o f 1:2 (ligand : 
metal cation) in acetonitrile while L l  forms only complexes o f 1:1 stoichiometry.
The conductometric titration curves for Na+ and L l ,  L2 and L3 in methanol at 298.15 K 
are shown in Fig. 104.
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Fig. 104. Representative conductometric titration curve for Na+ with L l ,  L2 and L3 
in methanol at 298.15 K.
At first glance, the interaction o f Na+ with L2 seems stronger than that found for L l 
however the size o f the ligand-metal cation complex has to be taken into account prior to 
any conclusion. As the Na+-L2 complex will have a larger size than the Na+-L l complex, 
it is likely that the mobility o f the metal cation complex will be smaller for the former 
than for the latter. As a result, the decrease in the molar- conductance should be higher for 
the cyclic pentamer than for the cyclic tetramer as reflected in the conductometric 
titration curve. From the conductometric titration curves these ligands appear- to behave 
in a similar- way when interacting with the sodium cation in methanol. As for the 
interaction o f Na+ with L3, it is clear that the strength o f interaction is much lower than 
that found for L l  and L2 with this cation in methanol.
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Having compared the conductance o f these ligands with metal cations in different media, 
results for the thermodynamic parameters o f complexation will be discussed in the 
following section.
5.6.5. C om parative studies of the therm odynam ic param eters of
complexation of L I , L2 and L3 and m etalcations in acetonitrile and 
m ethanol a t 298.15 K.
This section will discuss the thermodynamic parameters o f complexation o f L I, L2, and 
L3 with metal cations in acetonitrile and methanol at 298.15 IC. The thermodynamic data 
for these ligands and metal cations in different media are shown in Tables 45-47.
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Table. 45. Thermodynamic Par ameters o f Complexation of L l  and L2 with univalent 
metal cations in acetonitrile and methanol at 298.15 K.
Acetonitrile
Cation log Ks ACG°, k J  mol-1 ACH°, k J  mol' 1 ACS°, J  K V o  r 1
L T L 2b L l a L2b L l a L 2b L T L2b
Li+ 9.6
4.8 (1:1) 
2.5 (1:2)
-55
-27.4
-14.4
-51.68
-76.4
-63.3
1 1
-165
-164
Na+ 9.8
5.6 (1:1) 
3.0 (1:2)
-56
-31.9
-17.2
-67.61
-39.2
-57.2
-39
-25
-134
K + 7.2 5.9 -41 -33.8 -52.79 -37.8 -40 -13
R b+ 5.53 5.8 -31.55 -33.0 -35.74 -29.8 -14 1 1
Cs+ - 5.6 - -32.0 - -2 1 . 1 - 37
Ag+ 6 .1 4.5 -34.8 -25.5 -28.7 - 2 0 a -
M ethanol
Cation log Ks AcG°, k J  mol"1 ACH°, k J  mol' 1 ACS°, J  K W ol"1
L l c L 2b L T L2b L l c L2b L T L2b
Li+ 4.1 5.2 -23.4 -29.9 -9 -17 50 43
Na+ 6.2 5.1 -35.4 -29.3 -46.5 -31 -35 -6
K+ 4.73 5.4 -27 -34.3 -33.8 -57.9 -24 -91
Rb+ 3.5 5.8 -2 0 -33 -22.4 -69.3 -8 - 1 2 1
Cs+ - 5.5 - -32 - -55.7 - -82
Ag+ 6.6 5.9 -37.7 -33.5 -47 -41.5a -29 -51
aFrom Table 32; bFrom Table 14; °From Table 28
183
R esults and  D iscussion
Table. 46. Thermodynamic Parameters o f Complexation of L l  and L2 with bivalent 
metal cations in acetonitrile 298.15 K.
log Ks________ACG°, kJ mot1_______ACH°, kJ mol'1 ACS°, J K'1mol'1
L l a L2b L l a L2b L l a L2b L l a L2b
Mg2+ 9.9 6.1 - 5 6 . 5 -34.8 -37.1 - 61 . 3 6 5 - 8 9
Ca2+ 1 4 . 5 8.9 - 8 2 . 7 -50.9 - 1 0 5 . 7 - 7 8 . 3 - 7 7 - 9 2
Sr2* 1 2 . 7 10.1 - 7 2 . 4 -57.6 -78.3 - 85 . 6 - 1 9 - 9 4
Ba2+ 1 0 . 4 11.1 - 59 . 3 -63.4 -48.8 - 1 2 2 . 5 3 5 - 1 9 8
Pb2+ 11 7 .7 -62.7 -44.1 - 1 0 2 . 6 -7 5 . 6 - 1 3 3 - 1 0 6
Zn2+ 5.3 4 . 4 -30.1 -25 . 3 -37.8 - 1 0 5 . 9 - 2 5 - 2 7 0
Cd2+ 1 1 . 5 5.3 -65.6 -30.4 -96.4 - 1 1 3 . 5 - 1 0 3 - 2 7 9
Hg2* 9.9 5 .8 -56 . 5 -33.5 -90 . 3 - 1 2 2 - 1 1 3 - 2 9 7
Cu2* 5.3 4 . 8 - 30.2 -2 7 . 5 -51 . 3 -56.1 -71 - 9 6
Co2+ 5.5 4 . 5 - 31 . 4 -25 . 9 - 48.8 - 3 5 . 5 - 5 8 - 3 3
Ni2* 5.6 5.5 - 31.8 -31.2 4 . 9 - 3 5 . 6 1 2 3 - 1 5
aFrom Table 34; bFrom Table 38;
Table. 47. Thermodynamic Parameters of Complexation of L l , L2 and L3 with 
bivalent metal cations in methanol 298.15 K.
Cation log Ks ACG°, kJ mol ■1 AcH°, kJ mol'1 ACS°, JK '1mol'1
L1a L2b L3° L1a L2b L3° L1a L2b L3C L1a L2b L3C
Mg2* 3.4 3.0 - 1 9 . 4 -17.2 -1.2 34.8 6 1 174
Ca2* 1 1 . 3 5.1 4.1 - 6 5 -29.2 - 2 3 . 6 -31 -26 2 5 . 5 1 1 5 10 1 6 5
Sr2* 9.1 7.9 5.2 - 5 1 . 9 -45.2 - 2 9 . 7 -5.6 -19.8 1 8 . 3 1 5 6 85 1 6 1
Ba2* 6.1 9.3 c 4 . 2 -3 5 . 4 -52.8 - 24.2 0.5 -17.8 2 8 . 9 1 2 1 1 1 6 1 7 8
Pb2* 5.7 5 . 2 c - 32 . 5 -29.2 7.4 -31.2 1 3 3 -7
Zn2* 4 . 3 5.1 4.1 -24.5 -29.1 - 23.2 1 3 . 2 -42.4 3 2 . 7 1 2 4 -47 1 8 7
Cd2* 6 .4 4.9 5 .7 -36.7 -27.7 - 32.5 -21 . 4 -38.7 1 1 . 7 5 1 -27 1 4 8
Hg2* 5.9 5 - 3 3 . 7 -28.2 5.3 -32.9 1 3 1 -16
Cu2* 4 . 6 5 .3 -2 6 . 3 -30 . 5 -33 . 4 1 3 . 9 - 2 4 1 4 9
Co2* 4.5 4 . 9 -25.8 - 2 8 -23.5 1 6 . 9 1 0 1 5 1
Ni2* 5.2 -29.7 -35.6 -20
aFrom Table 30; bFrom Table 39; °From Table 40
Thermodynamic parameters of complexation of L l  and L2 with alkali metal cations in 
acetonitrile at 298.15 K are now discussed. Both ligands show the highest selectivity for
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the Na+ cation in this solvent. The selectivity o f these ligands follows the following 
sequences:
L I: Na+> Li+ > K+ > Rb+
L2: Na+ > Li+ > IC+ ~  Rb+ > Cs+
As seen on the sequences shown above, both ligands have the same selective behaviour 
for Li+, Na+, K+ and Rb+. The interaction o f L I with Cs+ was not determined as no 
observable heat was shown in the complexation reaction. Both ligands formed strong 
complexes with alkali metal cations (log ICS > 5), but values for Li+, Na+ and K+ are found 
to be higher for the cyclic tetramer than for the pentamer. As for Rb+, the stability 
constant o f L2 and this cation in acetonitrile is higher than that for the same cation and 
solvent at the same temperature.
The thermodynamic parameters o f complexation for L I and L2 with Na+, K+ and Rb+ in 
acetonitrile showed that the processes are enthalpy controlled and entropy unfavoured. 
The same behaviour was observed for L2 and Li+ in acetonitrile. In the case of L I with 
Li+ and L2 with Cs+ in acetonitrile, the complexation processes are enthalpically 
controlled and entropically favoured. An interesting behaviour is observed in the 
thermodynamic parameters associated with L2 and alkali metal cations in acetonitrile, as 
the stability in enthalpic terms decreases (becomes less exothermic) while the entropy 
increases (more positive).
As far as complex formation between L I and L2 with univalent metal cations in 
methanol at 298.15 K is concerned, the following sequence shows the selectivity of these 
ligands for these metal cations follows the sequence,
L I  : Ag+> Na+ > K+> Li+ > Rb+
L2: Ag+ > Rb+ > Cs+ > K+ > Li+ > Na+
The selectivity sequence shown above for L I and L2 and univalent metal cations in 
methanol at 298.15 K in indicative that these ligands have a higher affinity for wilver 
than other cations in methanol. However, while L I shows selectivity for Na+ cation 
among the alkali metal cations in acetonitrile, L2 is unable to distinguish between these
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metal cations. This is reflected in the value for the standard deviation o f the stability 
constants (in log terms) (±0.3).
ACS° (kJ.K'1mol'1)
-0.15 -0.1 -0.05 0 0.05 0.1
Fig. 105. A plot for the enthalpies o f complexation against the entropies of 
complexation o f L2 with univalent metal cations in methanol at 298.15 K.
Fig. 105 shows that the plot of the enthalpies against the entropies o f complexation for 
L2 and alkali metal cationsin methanol at 298.15 K is lineal with a slope of 317.1 IC close 
to the temperature o f 298.15 K. Grunwald and Steel131 attributed the enthalpy-entropy 
compensation processes effect to solvent reorganization.
The medium effect on the complexation of L l  with univalent metal cations was assessed 
through the thermodynamic cycles (eqs. 66-70). It was observed that for L l  with the Li+ 
and Na+ cations, the higher stability foimd in acetonitrile relative to methanol was due to 
the favourable contribution o f the reactants and the product. While for K+ and Rb+, the 
higher stability found in acetonitrile relative to methanol was due to the favourable 
contribution o f the product (higher solvation o f the complex in acetonitrile relative to 
methanol) and the lower solvation o f the ligand in acetonitrile relative to methanol. As 
for the Ag+ cation, the higher stability found in methanol relative to acetonitrile was 
mainly due to the higher solvation o f the silver cation in acetonitrile relative to methanol. 
The higher solvation o f the complex in acetonitrile relative to methanol and the higher
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solvation of the ligand in acetonitrile relative to methanol disfavours the stability of the 
complex in methanol relative to acetonitrile.
In order to assess the medium effect in the complexation process o f L2 with metal 
cations, the thermodynamic cycles were calculated from eq. 65:
IC+(MeCN) + L 2(MeCN) -  -*>■*» ™''' > K+L 2(MeCN)
1.88 kJ mol"1 1.10 lcJ mol"1 2.48 kJ mol' 1 ...(eq.71)
T  1r '
K+(MeOH) + L 2(MeOH) K+L 2(MeOH)
Rb+(MeCN) + L 2(MeCN) -33.0 kJ mol
9.37 kJ mol' 1 1 . 1 0  Id mol' 1
▼ 1r ▼
> Rb+L2(MeCN)
10.37 kJ mol' 1 ...(eq.72)
/T.  T\ I T  /~K j  - A T T \  ’"33,1 kJ m ol  ^ /TV A  A T T \-----------------> Rb L 2(MeOH)Rb+(MeOH) + L 2(MeOH)
Ag+(MeCN) + L 2(MeCN) -25.5 kJ mol v i /•« r----------------> Ag L 2(MeCN)
23.6 kJ mol' 1
Ag+(MeOH) + L 2(MeOH) Ag+L 2(MeOH)
30.1 kJ mol' 1 1.10 kJ mol' 1
v r^ T
...(eq.73)
Given that the transfer Gibbs energy o f the ligand L2 is the same in the three 
thermodynamic cycles (eqs. 71-73) and is relatively small to the extent that the 
differences in solvation o f L2 in acetonitrile and methanol are almost negligible, it 
follows that for the complexation of L2 with i) K+, the favourable contribution of the 
reactants for the complexation in methanol is almost balanced by the contribution of the 
complex to favour the process in acetonitrile. Therefore, the stability o f the complex 
(hence ACG°) is about the same in both solvents ii) Rb+, the situation is similar to that for 
potassium iii) Ag+, the lower solvation o f the cation in methanol relative to acetonitrile
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overcomes the favourable contribution of the metal-ion calixarenate for acetonitrile. As a 
result the stability o f the complex is higher in methanol relative to acetonitrile.
The following sequence shows the selectivity behaviour of L l  and L2 for bivalent metal 
cations in acetonitrile:
L l: Ca2+ > Sr2+> Cd2+ > Pb2+ > Ba2+ > Mg2+~ Hg2+ > Ni2+ > Co2+> Cu2+ > Zn2+
L2: Ba2+ > Sr2+ > Ca2+ > Pb2+ > Mg2+ > Hg2+ > Ni2+ > Cd2+ > Cu2+ > Co2+ > Zn2+
It follows that among these cations, L l  shows a high affinity for Ca2+, while L2 is 
selective for Ba2+. From the !H NMR chemical shift changes for the axial and the 
equatorial proton (A8ax-eq) for L2 with Ba2+ in CD3CN, it follows that a better 
coordination can be achieved between the binding sites of the ligand and this metal 
cation. Although, the solvation o f the ligand and ligand-metal complex needs to be taken 
into account as their contribution to the complex stability is a key issue. This shift in 
selectivity in moving from L l  to L2 can be attributed to the cavity size effect. Thus the 
cavity size o f L2 is greater than L l  and therefore a large cation like barium (II) fits better 
in the cavity or pseudo cavity o f L2 than in that o f L l .
The thermodynamics o f complexation o f these ligands with metal cations show a 
different behaviour. Processes i) enthalpically and entropically favoured are represented 
by L l  and Mg2+ and Ba2+ in acetonitrile ii) enthalpy controlled but entropy destabilized. 
This is considered the typical case given that the association of two species (host and 
guest) to give one entity (the complex) will lead to an exothermic process with a loss of 
entropy. Most complexes between L l  and L2 and bivalent metal cations in acetonitrile 
are within this category.
A general picture o f the complexation process is that both ligands contain har d donor 
atoms (they interact through the ethereal and carbonyl oxygens through ion-dipole 
interactions with cations) and therefore are more selective with hard metal cations 
(alkaline-earth and alkali metal cations). Complexes o f higher stability are formed with 
L l  and bivalent metal cations than L2 in acetonitrile. As far as methanol is concerned, 
data for the three ligands are available (Table. 48). For each ligand the selectivity 
sequence is as follows.
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L l:  Ca2+ > Sr2+ > Ba2+ > Cd2+ > Zn2+> Co2+ > Hg2+ > Pb2+ > Cu2+ > Mg2+
L2: Ba2+ > Sr2+ > Pb2+ ~  Ni2+> Ca2+ ~  Zn2+ > Cd2+ > Hg2+ > Co2+ > Mg2+
L3: Cd2+ > Hg2+ > Sr2+ > Ba2+ > Ca2+> Cu2+
L l shows the highest stability o f complex formation with Ca2+ in methanol while L2 is 
more selective for Ba2+. This pattern is the same as that observed in acetonitrile and 
therefore the same explanation applies here. L3 has a high affinity towards Cd2+ as 
compared to the other metal cations. Although the above statements are corroborated by 
the thermodynamic data, the medium effect is not the only parameter to consider. The 
solvation o f the ligand and that o f the metal-ion complex must also be considered. In the 
case o f L3, it was discussed in Section 5.5.9 that the ability o f this ligand to discriminate 
among the bivalent metal cations was very low as compared with L l .  Therefore a clear 
decrease on the strength o f complexation of these ligands with bivalent metal cations is 
observed as the number o f phenyl substituted units are added into the cyclic array. Fig. 
105 shows a plot o f the standard Gibbs energy o f complexation for L l ,  L2, and L3 with 
bivalent metal cations in methanol at 298.15 IC against the standard Gibbs energies o f 
cation hydration130.
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Fig. 106. A plot o f the standard Gibbs energy o f complexation for L l ,  L2, and L3 
with bivalent metal cations in methanol at 298.15 K against the standard Gibbs 
energy o f cation hydration.
This Fig. 106 shows the selective behaviour of L l  for metal cations relative to L2 and L3 
in methanol. No selectivity peaks are found for L2 and L3 with bivalent metal cations in 
methanol. In the case o f L 3 t the complexation between this ligand and the bivalent metal 
cations might be attributed to cation desolvation and this is reflected in the highly 
positive entropy and enthalpy values of this ligand.
Having stated it, emphasis should be made about the fact that Fig. 106 is the outcome o f a 
correlation between complexation data and cation hydration. In doing so the solvation of 
both, the ligand and the metal-ion complex are not considered. As previously .shown 
these are important parameters to consider.
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6. Conclusions.
From the work carried out, the following conclusions can be drawn:
1. *H NMR studies o f L l  and L2 in CDC13> CD3CN and CD3OD at 298 IC showed the 
conformation that these ligands adopt in these solvent systems. The chemical shift 
changes observed in the aromatic proton (2) of L l  and L2 on moving to different 
solvents relative to CDC13 were assessed. More pronounced chemical shift changes 
for this proton were observed for L l  in CD3CN relative to CDC13 compared to L2. 
This suggests that i) both ligands interact with CD3CN solvent molecules at the 
hydrophobic cavity and ii) the higher chemical shift changes observed for L l  relative 
to L2 are due to the conformational change upon interaction with this solvent. 
However for L2, due to the larger hydrophobic cavity, this ligand might be able to 
interact with the solvent without undergoing significant conformational changes.
2 . *H NMR chemical shift changes for the axial and the equatorial protons (ASax-eq) of 
L l  and L2 in CDCl3i CD3CN and CD3OD at 298 K showed that both ligands adopt a 
distorted ‘cone’ conformation in these solvents. Thus the degree o f distortion 
decreases in CD3OD and increases for CD3CN for both ligands relative to CDC13.
3. Solubility studies involving L l ,  L2 and L3 in different solvents at 298.15 IC showed 
that the addition o f phenyl substituted units into the cyclic array o f the calixarene 
amide derivative has a considerable effect on the solubility of the ligand. In protic 
solvents like methanol and ethanol, the solubility decreases as the number of phenyl 
substituted units increases from four to six. In dipolar aprotic solvents (MeCN and 
DMF), the highest solubility was observed for the cyclic pentamer relative to other 
ligands. This can be attributed to a better pre-organization that L2 adopts in these 
media, allowing the ligand to interact better with the solvent molecules. In the case of 
L3, as the number o f units increases the hydrophobic character o f  the ligand increases 
making it less soluble in solution
4. The degree of solvation for these ligands in one solvent relative to acetonitrile was 
assessed from the transfer Gibbs energy from one solvent relative to another. This 
information emphasises the higher solvation o f L2 in acetonitrile compared to the rest
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of the solvents (except toluene). As for L I  and L3, the solvation in acetonitrile is 
relatively low as compared to other solvents.
5. According to the }H NM R studies o f L I, the addition o f metal cation salts to the 
ligand leads to significant chemical shift changes in the protons o f the amide groups 
(7 and 9). This is due to the interaction o f bivalent metal cations with the carbonyl 
group. Also chemical shift changes are observed for proton 5, which strongly suggest 
that the ethereal oxygens may also interact with the cation. Beer et al132 reported the 
crystal structures for Fe2+, Ni2+, Cu2+, Zn2+ and Pb2+ (as perchlorates) complexes 
recrystallised in acetonitrile. In the Pb2+ complex, the cation was found to interact 
with the ethereal and carbonyl oxygens, while for Fe2+, Cu2+ and Zn2+ complexes, 
these cations interact strongly with the carbonyl oxygens and weakly with the ethereal 
oxygens. For the Ni2+ complex, it was found that the metal cation interacts with three 
ethereal and three carbonyl oxygens. These crystal structures provide undisputable 
evidence on the interaction o f bivalent metal cations with the carbonyl and the 
ethereal oxygens o f the ligand in the solid state.
6 . ]H NMR chemical shift changes for the axial and the equatorial protons (ASax-eq) of 
L I and L2 with metal cations in CD3CN at 298 K showed a decrease in the distorsion 
of the ‘cone’ conformation o f these ligands. The ASax_eq values for L I with univalent 
metal cations indicate a slightly distorted ‘cone’ conformation for these complexes, 
while the values for bivalent metal cations reflect that these adopt a flattened ‘cone’ 
conformation. From the A8ax.eq values it can be concluded that Ca2+, Sr2+ and Cd2+ 
complexes are found in a perfect ‘cone’ conformation. Slightly flattened ‘cone’ 
conformations were observed for L2 with Ag+ and the remaining bivalent metal 
cations, while slightly distorted ‘cone’ conformations were found for K+, Rb+ and Cs+ 
complexes in acetonitrile.
7. A correlation between the stability constant (in logarithmic terms) against the A(A8ax. 
eq) values for L I with metal cations in acetonitrile and methanol at 298.15 IC showed 
that the A(A5ax.eq) values may provide useful information regarding the strength of 
complexation between this ligand and univalent cations. Therefore this information 
can be very useful in order to predict qualitatively the stability o f complex formation. 
However this statement is corroborated by the data obtained for the alkali and the
192
Conclusions
alkaline-earth metal cations, while for transition or heavy metal cations, this 
correlation does not apply.
8 . Conductometric titrations o f L if and Na+ salts with L l  in acetonitrile showed the 
formation o f 1:1 (ligand/metal cation) complexes. However, L2 is able to form 1:2 
(ligand/metal cation) complexes with these metal cations. This serves as an indication 
that as the cavity size o f the ligand increases, its hosting ability for metal cations is 
enhanced.
9. Strong complex formation between L l  and L2 with alkali and alkaline-earth metal 
cations were found in acetonitrile and methanol at 298.15 K. This is attributed to the 
affinity o f the hard donor atoms (ethereal and carbonyl oxygens o f these ligands) to 
interact with hard cations (alkali and alkaline-earth metal cations). Also stronger 
complexes were found in most cases for L l  and L2 with metal cations in acetonitrile 
than in methanol. This can be attributed to a better pre-organization o f these ligands 
in the former solvent to interact with metal cations relative to methanol.
10. Plots o f standard Gibbs energies o f complexation o f L l ,  L2 and L3 with bivalent 
metal cations in methanol at 298.15 K against the standard Gibbs energy of cation 
hydration showed that the cyclic pentamer and hexamer lacks selectivity relative to 
L l. As far* as L3 is concerned, the similar stability constant values found in its 
interaction with bivalent metal cations in methanol reflect the fact that this ligand is 
unable to selectively discriminate between these metal cations.
11. The contributions o f the solvation o f different species involved in the complexation 
process in one solvent relative to another has been assessed through the use of a 
thermodynamic cycle.
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7. Suggestions fo r fu tu re  w ork
Based on the results and conclusions obtained from this work, the following 
suggestions for future work are given:
1. Isolation o f suitable crystals for X-ray diffraction studies on metal-ion 
complexes o f L l ,  L2 and L3
2. A comparative study o f the structural and thermodynamic aspects of the 
calix [n] arene amide derivatives (n= 4-6) with other calixarene derivatives 
(ketones and esters) of equivalent ring size. This would provide valuable 
information on the behaviour o f these macrocycles with different pendant 
arms.
3. A frill investigation on the thermodynamic o f complexation of 
calix[n]arene derivatives (n=4-6) containing ketone groups in their 
pendant arms in order to compare the impact o f these functional groups on 
the strength o f complexation. Therefore a direct comparison between the 
calix[n]arene amide and ketone derivatives (n= 4-6) will add significantly 
to the present understanding on these systems.
4. Synthesis o f calix[4]arene derivatives containing mixed pendant arms 
including amide functionalities. Therefore the additive contribution of 
each pendant arm to the thermodynamics o f complexation can be 
assessed133.
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'H  N M R fo r L I 
*H NM R of L I  in CD3CN a t 298 K.
*H NM R of L I in CD3OD a t 298 K.
Appendix
‘H N M R of L2 in CD3C1 a t 298 K.
*H NM R of L3 w ith Na+ (as perchlorate) in CO3CN at 298 K.
Appendix
lH  NMR spectrum  for L l  and  Li+ (as perchlorate) in CD3CN a t 298 K.
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XH NM R spectrum  for L l  and Na+ (as perchlorate) in CD3CN a t 298 K.
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*H NM R spectrum  for L I  and K + (as perchlorate) in CD3CN at 298 K.
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XH NM R spectrum  for L I  and  R b+ (as perchlorate) in CD3CN a t 298 K.
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*H NM R spectrum  for L l  and Cs+ (as perchlorate) in CD3CN a t 298 K.
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*H NM R spectrum  for L l  and M g2+ (as perchlorate) in CD3CN a t 298 K.
lU  NM R spectrum  fo r L l  and Ca2+ (as perchlorate) in CD3CN a t 298 K.
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Appendix
XH NM R spectrum  for L I  and Ba2+ (as perchlorate) in CD3CN at 298 K.
Appendix
*H NM R spectrum  for L I  and  C d2+ (as perchlorate) in CD3CN a t 298 K.
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*H NM R spectrum  for L l  and Zn2+ (as perchlorate) in CD3CN at 298 K.
Appendix
*H NM R spectrum  fo r L l  and  P b2+ (as perchlorate) in CD3CN a t 298 K.
Appendix
*H NM R spectrum  for L l  and  Li+ (as perchlorate) in CD3OD at 298 K.
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XH  NM R spectrum  fo r L l  and  K+ (as perchlorate) in CD3OD a t 298 K
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Appendix
*H NM R spectrum  for L l  and Ag+ (as perchlorate) in CD3OD at 298 K.
Appendix
!H NM R spectrum  fo r L l  and M g2+ (as perchlorate) in CD3OD a t 298 K.
1H  NM R spectrum  for L l  and Ca2+ (as perchlorate) in CD3OD at 298 K.
Appendix
lU  NM R spectrum  for L l  and S r2+ (as perchlorate) in CD3OD at 298 K.
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lH  NM R spectrum  for L l  and  Ba2+(as perchlorate) in CD3OD at 298 K.
Appendix
!H  NM R spectrum  for L l  and C d2+(as percl D3OD a t 298 K.
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*H NM R spectrum  for L l  and Zn2+ (as perchlorate) in CD3OD a t 298 K.
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JH  NM R spectrum  for L l  and Hg2+ (as perchlorate) in CD3OD at 298 K.
NM R spectrum  for L l  and  P b2+ (as perchlorate) in CD3OD at 298 K.
